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PREFACE 

Our r e s e a r c h  on e l e c t r o m a g n e t i c  c o r r e l a t i o n  t echn iques  was i n i t i a t e d  
i n  1965 t o  p rov ide  advanced exper imenta l  and a n a l y t i c a l  t o o l s  f o r  i n v e s  t i -  
g a t i o n  of  t u r b u l e n t  o r  u n s t a b l e  f l o w s .  Tools t o  p rov ide  a  l e v e l  of s c i e n -  
t i f i c  s o p h i s t i c a t i o n  n o t  p o s s i b l e  i n  ad hoc e n g i n e e r i n g  s t u d i e s  of l aunch  
v e h i c l e  con£ i g u r a t i o n s  were s o u g h t .  The a p p l i c a t i o n  of  e l e c t r o m a g n e t i c  
c o r r e l a t i o n  t echn iques  has now been i l l u s t r a t e d  f o r  t h e  remote probing of 
sound s o u r c e  i n t e n s i t i e s  i n  e n g i n e  exhaus t s  and f o r  t h e  d e t e c t i o n  of wind 
s h e a r s  and t u r b u l e n c e .  The above t a s k s  r e q u i r e  t h e  c o o r d i n a t i o n  of t h e  
d i s c i p l i n e s  o f  s e n s o r  development,  e l e c t r o m a g n e t i c  wave p r o p a g a t i o n ,  
f l u i d  mechanics,  a tmospher ic  s c i e n c e ,  phys ics  , s t a t i s t i c s ,  and d a t a  pro-  
c e s s  ing.  Such a  combinat ion of  d i s c i p l i n e s  was ach ieved  through o r g a n i z -  
ing  c o o p e r a t i v e  r e s e a r c h  programs w i t h  t h e  Wave P r o p a g a t i o n  L a b o r a t o r i e s  
of ESSA, t h e  Department of Atmospheric Sc ience  of Colorado S t a t e  U n i v e r s i t y ,  
t h e  Department of  Phys ics  of  t h e  U n i v e r s i t y  of Oklahoma and MSFC'S Compu- 
t a t i o n  Labora to ry .  Coopera t ion  i n  t h e s e  programs meant a  s h a r i n g  of 
f a c i l i t i e s  and r e s o u r c e s .  

This  r e s e a r c h  review on e l e c t r o m a g n e t i c  c o r r e l a t i o n  t echn iques  c o v e r s  
c o n t r i b u t i o n s  from inhouse  e n g i n e e r s  and s c i e n t i s t s  . Mos t of t h e e p a p e r s  
were  c o n t r i b u t e d  by undergradua te  and g r a d u a t e  s t u d e n t s  d u r i n g  t h e i r  
t r a i n i n g  program a t  MSFC. Th i s  p a r t i c u l a r  combinat ion of c o o p e r a t i v e  
r e s e a r c h  and c o o p e r a t i v e  t r a i n i n g  was i n i t i a t e d  i n  1966. 

It i s  hoped t h a t  t h i s  r ev iew w i l l  be  s t i m u l a t i n g  t o  o r g a n i z a t i o n s  
which employ e l e c t r o m a g n e t i c  s e n s o r s  f o r  remote p rob ing .  C r i t i c i s m  of  
t h i s  r ev iew and d i s c u s s  ions  concern ing  i n d i v i d u a l  papers  w i t h  r e s p e c t i v e  
a u t h o r s  a r e  i n v i t e d  and w i l l  be  p a r t i c u l a r l y  h e l p f u l  f o r  t h e  s t u d e n t  
t r a i n e e s .  

W.  K .  Dahm 
C h i e f ,  Aerophys i c s  Div i s  i o n  

Y 
H. J .  Horn 
Deputy D i r e c t o r ,  
Aero-As trodynamics Labora to ry  
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CI-fAPTER I 

INFRARED MEASUREMENTS OF SOUND SOURCE INTENSITIES I N  JETS 

L. N. Wilson 
I I T  Research I n s t i t u t e ,  Chicago,  I l l i n o i s  

F. R. Krause and K. A. Kadrmas 
NASA - Marsha l l  Space F l i g h t  Cen te r ,  Alabama 

D i r e c t  measurements of l o c a l  sound s o u r c e  i n t e n s i t i e s  i n  t u r b u l e n t  
j e t s  a r e  b e i n g  a t t empted  us ing  a n  o p t i c a l  c r o s s - c o r r e l a t i o n  t e c h n i q u e .  
It has been shown t h a t  o p t i c a l  cross-beam measurements can  be  r e l a t e d  
d i r e c t l y  t o  t h e  volume i n t e g r a l  d e s c r i b i n g  t h e  s o u r c e  s t r e n g t h .  This 
paper r e p r e s e n t s  a  s t u d y  of t h i s  r e l a t i o n s h i p .  The a p p l i c a t i o n  and 
l i m i t a t i o n s  of t h e  t echn ique  a r e  d i s c u s s e d  i n  d e t a i l ,  w i t h  r e f e r e n c e  
t o  L i g h t h i l l ' s  and,  i n  p a r t i c u l a r ,  R i b n e r ' s  mathemat ica l  f o r m u l a t i o n s .  
The l a t t e r  f o r m u l a t i o n  i s  p a r t i c u l a r l y  s u i t e d  t o  cross-beam measurements 
s i n c e  i t  e x p r e s s e s  s o u r c e  s t r e n g t h s  i n  terms of volume i n t e g r a l s  of mass 
d e n s i t y  f l u c t u a t i o n s .  Area i n t e g r a l s  of d e n s i t y  f l u c t u a t i o n s  a r e  b e i n g  
a t t empted  u s i n g  a  new i n f r a r e d  cross-beam system.  P r o g r e s s  t o  d a t e  on 
s u b s o n i c  j e t s  w i t h  t h i s  sys tem shows promise of g i v i n g  t h e  d e s i r e d  dens -  
i t y  dependence.  Measurements were made u s i n g  t h e  C02 a b s o r p t i o n  band a t  
4.3p.  This  type  of measurement should  b e  a p p l i c a b l e  t o  e s t i m a t i o n s  of  
Mac h-wave emis s i o n .  

NOMENCLATURE 

Symbol D e f i n i t i o n  

p o s i t i o n  v e c t o r  (x f ;  Y f ;  z f )  

p o s i t i o n  v e c t o r  (x; y ;  z )  

v e c t o r  i n  d i r e c t i o n  of f a r - f i e l d  o b s e r v e r  (El; e2; t3) 



v e c t o r  i n  d i r e c t i o n  of f low ( t , ?q , ( )  

mean d e n s i t y  

f l u c t u a t i n g  d e n s i t y  

f l u c t u a t i n g  mass f r a c t i o n  

a b s o r p t i o n  

mean p r e s s u r e  

f l u c t u a t i n g  p r e s s u r e  

mean v e l o c i t y  v e c t o r  ( 6 ;  5 ;  G )  

ambient  speed of sound 

l o c a l  speed of sound 

f l u c t u a t i n g  s i g n a l  

mean s i g n a l  

p a t h  a n g l e  

r e t a r d e d  t ime  

t u r b u l e n c e  c o n v e c t i o n  speed 

S u b s c r i p t s  

A ,  B r a d i a t i o n  beams of t h e  crossed-beam system 

a  c o n t r i b u t i o n  from a b s o r p t i o n  

s c o n t r i b u t i o n  from s c a t t e r i n g  

I- 1. INTRODUCTION 

The mathemat ica l  f o r m u l a t i o n  of t h e  j e t  n o i s e  problem [ I - 1 , - 2 1  has  
g i v e n  us c o n s i d e r a b l e  i n s i g h t  i n t o  s c a l i n g  laws a s s o c i a t e d  w i t h  n o i s e  
p r o d u c t i o n ,  b u t  l i t t l e  p r o g r e s s  has been made i n  exper imenta l  v e r i f i c a -  
t i o n  of t h e  p r e d i c t e d  sound s o u r c e  s t r e n g t h s .  The a c t u a l  sound s o u r c e  



i n t e n s i t i e s  a s  p r e d i c t e d  by t h e  t h e o r y  a r e  g i v e n  i n  terms of t u r b u l e n c e  
f low p r o p e r t i e s  which a r e  ex t remely  d i f f i c u l t  t o  measure and even t h e n  
must b e  i n c o r p o r a t e d  i n t o  a  compl ica ted  volume i n t e g r a l  e x p r e s s i o n  
i n v o l v i n g  r e t a r d e d  t ime  d i f f e r e n c e s  between s t a t i s t i c a l  v a r i a b l e s .  
Some a t t e m p t s  [ I -3 , -41 ,  w i t h  a measure of s u c c e s s ,  have been made i n  
e s t i m a t i n g  sound s o u r c e  s t r e n g t h s  from h o t  w i r e  measurements i n  low 
speed j e t  f lows where t h e  t r a n s f o r m a t i o n  t o  a  moving frame of  r e f e r -  
ence  a l l o w s  r e t a r d e d  t imes  t o  b e  ignored  t o  a  good d e g r e e  of approxima- 
t i o n .  A t  h i g h  s p e e d s ,  t h i s  approx imat ion  is  i n v a l i d ;  i n  f a c t ,  a  
s i n g u l a r i t y  o c c u r r i n g  a t  t h e  s o n i c  c o n v e c t i o n  c o n d i t i o n  r e s u l t s  i n  a  
p r e d i c t i o n  of i n £  i n i t e  a c o u s t i c  power r a d i a t e d .  A  d i f f e r e n t  t y p e  of  
n o i s e  s o u r c e  t h e n  dominates ,  and sound r a d i a t e s  from t h e  j e t  i n  a manner 
analogous  t o  Mach wave p ropaga t ion  [ I -51 .  

An i n s t r u m e n t a t i o n  t e c h n i q u e ,  c a l l e d  t h e  crossed-beam c o r r e l a t i o n  
method, has  been r e c e n t l y  developed [ I -61 which a u t o m a t i c a l l y  performs 
a n  a r e a - i n t e g r a l  of p e r t i n e n t  t u r b u l e n t  p r o p e r t i e s .  This  t e c h n i q u e  i s  
s i m i l a r  i n  form t o  t h a t  r e q u i r e d  f o r  a  d i r e c t  e s t i m a t e  of sound s o u r c e  
i n t e n s i t y  [ I - 7 1 ,  and thus  a f f o r d s  us t h e  o p p o r t u n i t y  of measur ing a  
p a r t  of t h e  sound s o u r c e  volume i n t e g r a l  d i r e c t l y .  This  paper  c o v e r s  
t h e  a p p l i c a t i o n  of t h e  t e c h n i q u e  t o  t h e  Mach wave emiss ion  expec ted  
from s u p e r s o n i c  j e t s  and d i s c u s s e s  p r o g r e s s  on t h e  exper imenta l  v e r i f  i- 
c a t i o n  t h a t  has  been achieved a f t e r  t h e  l a s t  review [I -81.  

1-2.  ANALYTICAL DEVELOPMENT 

A. Sound Source  I n t e n s i t i e s  

Ffowcs-Williams [ I -51  has  shown t h a t ,  where t u r b u l e n t  j e t  convec-  
t i o n  speeds  a r e  i n  excess  of t h e  ambient  speed of  sound 

a  pronounced f i n i t e  sound peak occurs  a t  cos  = l / M c  where 6 is t h e  
a n g l e  between t h e  l i n e  t o  t h e  o b s e r v e r  and t h e  f low d i r e c t i o n  ( s e e  f i g -  
u r e  1 . 1 ) .  S i n c e  t h i s  i s  t h e  d i r e c t i o n  toward which Mach waves would ema- 
n a t e  from s u p e r s o n i c  bod ies  moving a t  a  Mach number Mc,  t h e  emiss ion  is  
analogous  t o  t h e  Mach wave emiss ion  from s u p e r s o n i c a l l y  moving e d d i e s ,  
t h e  l a t t e r  behaving somewhat l i k e  s o l i d  b o d i e s .  The i n t e n s i t y  o f  acous-  
t i c  r a d i a t i o n  is then  determined by t h e  "shape" o f  t h e  bod ies  ( i .  e . ,  by 
t h e  d e n s i t y  g r a d i e n t  th rough  t h e  eddy) .  The sound s o u r c e  i n  t h i s  c a s e  
i s  s o u r c e - l i k e  (monopole); whereas ,  i n  s u b s o n i c  f low t h e  sound s o u r c e  is  
quadrupo le  i n  n a t u r e .  The sound s o u r c e  s t r e n g t h  is then  determined 



( th rough  s u i t a b l e  mathemat ica l  m a n i p u l a t i o n )  by d e n s i t y  c o r r e l a t i o n s  i n  
a  f i x e d  f rame of r e f e r e n c e ,  thus  removing t h e  c o m p l i c a t i o n  r e s u l t i n g  
from measurements be ing  r e q u i r e d  i n  t h e  moving frame of r e f e r e n c e  a s  i s  
t h e  c a s e  of quadrupo le  n o i s e .  

The f a r - f i e l d  a c o u s t i c  r a d i a t i o n  from t h e  s h e a r  l a y e r  of a  t u r b u -  
l e n t  j e t  i s  then  p r e d i c t e d  t o  be  

where 

~ ( 2 )  i s  c o n s i d e r e d  h e r e  t o  b e  t h e  a c o u s t i c  s o u r c e  s t r e n g t h  per  u n i t  
volume of t u r b u l e n c e .  The o t h e r  terms i n  t h e  e q u a t i o n s ,  a p a r t  from t h e  
mean v e l o c i t y  g r a d i e n t ,  a r e  dependent  upon t h e  r e l a t i v e  p o s i t i o n  of t h e  
o b s e r v e r  and t h e  sound s o u r c e .  The v e l o c i t y  g r a d i e n t  can  b e  measured 
i n d e p e n d e n t l y  of t h e  s o u r c e  i n t e g r a l  by o t h e r  s t a n d a r d  measurements. 
Ffowcs-Williams w r i t e s  t h e  c o r r e l a t i o n s  i n  terms of t h e  p r e s s u r e  g r a -  
d i e n t s  by assuming l o c a l l y  i s o t r o p i c  c o n d i t i o n s :  p = ( l / a 2 ) p .  T h i s  
t e c h n i q u e  r e q u i r e s  a  knowledge of t h e  l o c a l  speed of sound i n  t h e  s h e a r  
l a y e r .  I f ,  however, we can measure d e n s i t y  f l u c t u a t i o n s  d i r e c t l y ,  t h i s  
approx imat ion  and requ i rement  i s  n o t  n e c e s s a r y .  Ffowcs-Williams a l s o  
shows t h a t  t h e  sound s o u r c e  i n t e g r a l  i s  more p r o p e r l y  w r i t t e n  i n  a frame 
of r e f e r e n c e  a l i g n e d  w i t h  and p e r p e n d i c u l a r  t o  t h e  Mach wave d i r e c t i o n  of 
propagation,. 

B.  Cross ed-Beam P r i n c i p l e  

The o p e r a t i o n  of t h e  c r o s s  ed-beam techn ique  has  been d e s c r i b e d  
e l sewhere ,  and w i l l  t h e r e f o r e  be  d i s c u s s e d  o n l y  b r i e f l y  h e r e .  I n  
p r i n c i p l e ,  two narrow beams of s e l e c t e d  wavelength  r a d i a t i o n  a r e  p o s i -  
t i o n e d  s u c h  t h a t  they  i n t e r s e c t  a t  a  p o i n t  i n  t h e  r e g i o n  of i n t e r e s t  i n  
t h e  j e t .  I f  t h e  beam i n t e n s i t y  f o r  each beam i s  modulated by a  p r o c e s s  



which is  l i n e a r l y  r e l a t e d  t o  t h e  l o c a l  gas  d e n s i t y  f l u c t u a t i o n s ,  then  
t h e  i n t e n s i t i e s  can be  expressed by 

where i ~ ,  i g ,  IA and IB a r e  t h e  f l u c t u a t i n g  and mean s i g n a l s ,  r e s p e c -  
t i v e l y ,  f o r  each of t h e  two beams A and B. I f  t h e  two s i g n a l s  a r e  
c r o s s - c o r r e l a t e d  over  a  s u f f i c i e n t l y  long i n t e g r a t i o n  t ime ,  t h e  p r o d u c t  
mean v a l u e  < i ~  i g >  w i l l  g i v e  i n f o r m a t i o n  concern ing  on ly  t h e  f  l u c t u a -  
t i o n s  common t o  each beam ( i .  e . ,  i n  t h e  i n t e r s e c t i o n  r e g i o n ) .  I n  t h i s  
way, l o c a l  i n f o r m a t i o n  on t u r b u l e n c e  has been o b t a i n e d  w i t h o u t  t h e  
n e c e s s i t y  o f  i n s e r t i n g  p h y s i c a l  probes i n t o  t h e  f l o w  f i e l d  [ I -61 .  From 
a  more i n t u i t i v e  v iewpoin t  ( s e e  f i g u r e  I . 2 ) ,  we might  c o n s i d e r  t u r b u l e n c e  
a s  c o n s i s t i n g  of d i s c r e t e  edd ies  t h a t  a r e  s l i g h t l y  more o r  l e s s  t r a n s -  
p a r e n t  t o  t h e  beams of r a d i a t i o n  t h a n  t h e  s u r r o u n d i n g s .  As an eddy 
passes  th rough  a  beam of  r a d i a t i o n ,  t h e  l i g h t  i n t e n s i t y  a t  t h e  d e t e c t o r  
changes .  When t h e  two d e t e c t o r  o u t p u t s  a r e  c r o s s - c o r r e l a t e d ,  o n l y  t h e  
i n f o r m a t i o n  concern ing  edd ies  pass  ing th rough  t h e  beam i n t e r s e c t i o n  
p o i n t  i s  r e t a i n e d .  S i g n a l  f l u c t u a t i o n s  due t o  s o u r c e  i n s t a b i l i t i e s ,  
d e t e c t o r  n o i s e ,  e t c . ,  a r e  normal ly  u n c o r r e l a t e d ,  a l t h o u g h  t h e s e  con- 
t r i b u t i o n s  do a f f e c t  t h e  o v e r a l l  s i g n a l - t o - n o i s e  r a t i o  of t h e  s y s t e m  
[ I -91 .  

Cross - c o r r e l a t i o n  of e q u a t i o n s  (3)  and (4) g i v e s  

where iA and iB a r e  c o r r e l a t e d  w i t h  a n  a r b i t r a r y  t ime d e l a y  7 between 
s i g n a l s  and E; i s  a  d i sp lacement  of beam B r e l a t i v e  t o  beam A i n  t h e  
d i r e c t i o n  of  Uc. This equa t ion  e x p r e s s e s  t h e  c o r r e l a t i o n  between two 
l i n e  i n t e g r a l s .  I f  we can w r i t e  e q u a t i o n  (5) a s  



p o i n t  a r e a  

t h e n ,  we a r e  d e a l i n g  w i t h  t h e  c o r r e l a t i o n  between t h e  a r e a  i n t e g r a l  of 
p o i n t s  i n  a p l a n e  (x + 5 = c o n s t a n t )  w i t h  a n  o u t s i d e  p o i n t  (x,  y ,  z)  . 
Such a  c r o s s - c o r r e l a t i o n  has  been a s s i g n e d  t h e  term " p o i n t - a r e a  c o r r e l a -  
t i o n , "  and i s  t h e  t y p e  o c c u r r i n g  i n  e q u a t i o n  ( 1 ) .  

I f  t h e  t u r b u l e n t  f low is everywhere homogeneous, then  t h e  p o i n t -  
a r e a  f o r m u l a t i o n  is  obv ious ly  p roper .  I f  d e p a r t u r e s  from homogeneity 
a r e  pure  odd f u n c t i o n s  of s p a c e  c o o r d i n a t e s  abou t  t h e  p o i n t  (x ,  y ,  z ) ,  
then  t h e s e  d e p a r t u r e s  t end  t o  i n t e g r a t e  o u t  and t h e  p o i n t - a r e a  concep t  
i s  s t i l l  v a l i d .  I n  any e v e n t ,  t h e  f i n a l  proof of t h e  p o i n t - a r e a  c o r r e l a -  
t i o n  assumpt ion  can  come o n l y  from exper iment .  Two t e s t s  f o r  t h i s  p r o o f ,  
d i s c u s s e d  i n  d e t a i l  i n  r e f e r e n c e  1-8, a r e  summarized h e r e .  

(1)  The s p a t i a l  r e s o l u t i o n  of t h e  measurements a c r o s s  s t r eam-  
l i n e s  shou ld  b e  l i m i t e d  on ly  by t h e  o u t s i d e  "point"  which,  i n  p r a c t i c e ,  
i s  t h e  o p t i c a l  beam d i a m e t e r .  

( 2 )  S i n c e  t h e  c r o s s - c o r r e l a t i o n  of s i g n a l s  iA and ig w i l l  
correspond o n l y  t o  c o n t r i b u t i o n s  from t u r b u l e n t  f l u c t u a t i o n s  normal t o  
t h e  beam p l a n e ,  t h e  energy spec t rum shou ld  approximate  t h e  three-dimen- 
s i o n a l  spec t rum of t u r b u l e n c e .  This i s  i n  c o n t r a s t  t o  a  two-point  h o t  
w i r e  measurement of t h e  s o - c a l l e d  one-d imens i o n a l  spec t rum which c o n t a i n s  
c o n t r i b u t i o n s  due t o  c r o s s - f l o w  components. A s  a  r e s u l t ,  t h e  energy 
spec t rum f o r  crossed-beam d a t a  shou ld  approach a  -1113 v a r i a t i o n  i n  t h e  
h i g h  f requency  p o r t i o n .  

Theref o r e ,  assuming t h e  v a l i d i t y  of t h e  p o i n t - a r e a  c o r r e l a t i o n  
approx imat ion ,  e q u a t i o n  (7 )  i n  a b b r e v i a t e d  f a s h i o n  becomes 



C.  A p p l i c a t i o n  t o  Sound Source  I n t e n s i t y  Measurements 

The s i m i l a r i t y  between e q u a t i o n  (1 )  and e q u a t i o n  (8) i s  s t r i k i n g .  
~t would appear  t h a t  on ly  one f u r t h e r  i n t e g r a t i o n  ( p o i n t - a r e a  t o  p o i n t -  
volume) i s  r e q u i r e d  t o  o b t a i n  t h e  sound s o u r c e  i n t e n s i t y .  There  a r e ,  
however, two main p o i n t s  t o  b e  cons ide red  c a r e f u l l y  i n  making t h e  com- 
p a r i s o n .  They a r e  a s  fo l lows :  

(1 )  The r a d i a t i o n  e x t i n c t i o n  p rocess  must be  d i r e c t l y  
g a s - d e n s i t y  dependent .  

( 2 )  Time d e r i v a t i v e  and n o t  s p a c e  d e r i v a t i v e  c o r r e l a -  
t i o n s  a r e  r e q u i r e d ,  and t h e  c o r r e c t  r e t a r d e d  t ime 
d i f f e r e n c e  must be  used.  

We w i l l  now c o n s i d e r  t h e s e  two p o i n t s  i n  g r e a t e r  d e t a i l .  

1. E x t i n c t i o n  Process  

S e v e r a l  e x t i n c t i o n  p r o c e s s e s  have been used i n  crossed-beam 
s t u d i e s  i n  t h e  p a s t .  These i n c l u d e  s c a t t e r i n g  from n a t u r a l  and a r t i -  
f i c i a l  t r a c e r s  and t h e  use  of t h e  a b s o r p t i o n  of a i r  i n  t h e  u l t r a - v i o l e t  
p o r t i o n  of t h e  spec t rum (Schumann-Runge bands of oxygen). Each of  t h e s e  
has  proven t o  b e  unaccep tab le  f o r  sound s o u r c e  measurements a 1  though 
they  a r e  u s e f u l  i n  o t h e r  t u r b u l e n c e  parameter  s t u d i e s .  More r e c e n t l y ,  
i n s t r u m e n t a t i o n  has been developed t o  measure a b s o r p t i o n  by n a t u r a l l y  
o c c u r r i n g  C02 i n  a i r  us ing  t h e  n e a r  i n f r a r e d  p o r t i o n  of spec t rum.  The 
fundamental  v i b r a t i o n  band of  C02 n e a r  4.3 microns is t h e  most promis ing 
due t o  t h e  absence  of wa te r  vapor  a b s o r p t i o n  i n  t h i s  r e g i o n .  Only 
n a t u r a l l y  o c c u r r i n g  C02 can b e  used ,  s i n c e  on ly  t h e n  w i l l  t h e  o p t i c a l  
f l u c t u a t i o n s  measured b e  t r u l y  r e p r e s e n t a t i v e  of t h e  gas  d e n s i t y  f l u c -  
t u a t i o n s  i n  t h e  j e t .  The u s e  of t h e  i n f r a r e d  spec t rum a l s o  reduces  t h e  
c o n t r i b u t i o n s  t o  t h e  s i g n a l  f l u c t u a t i o n s  from ever  p r e s e n t  p a r t i c l e  
contaminants  i n  t h e  f low. 

The e x t i n c t i o n  process  i n  g e n e r a l  can  b e  w r i t t e n  a s  



Now, f o r  s m a l l  p e r t u r b a t i o n s  

Thus, 

This  was t h e  form p r e s e n t e d  i n  a  p rev ious  s e c t i o n .  

I t  shou ld  b e  r e p e a t e d  a t  t h i s  p o i n t  t h a t  p i s  analogous  t o  
kmf. This means t h a t  a  comprehensive s t u d y  must b e  made us ing  a  un ique  
a b s o r p t i o n  c a l i b r a t i o n  c e l l  t o  de te rmine  t h e  dependence of k on t h e  
s t a t i c  and dynamic p r e s s u r e  and s t a t i c  t empera tu re .  T h e r e f o r e ,  knowing 
d k / a ~  and ak /aT ,  t h e  exper imenter  can  choose  t h e  optimum wavelength  and 
bandpass s e t t i n g s  i n  t h e  a b s o r p t i o n  band t o  d i s c r i m i n a t e  a g a i n s t  t h e  
t empera tu re  dependence of k. These exper iments  can  be  made on ly  i n  a  
c o n t r o l l e d  environment f r e e  of  a  c o n t r i b u t i o n  due t o  s c a t t e r i n g  t o  t h e  
observed s  i g n a l .  

I n  p r i n c i p l e  t h e n ,  it  i s  f e a s i b l e  t o  use  i n f r a r e d  a b s o r p t i o n  
by n a t u r a l l y  o c c u r r i n g  C 0 2  f o r  t h e  measurement of g a s - d e n s i t y  f l u c t u a -  
t i o n s .  The p r e l i m i n a r y  r e s u l t s  a r e  g i v e n  i n  t h e  n e x t  s e c t i o n .  

2.  Time D e r i v a t i v e  Requirements and Retarded Time E f f e c t s  

The p o i n t - a r e a  c o r r e l a t i o n  i n  e q u a t i o n  ( 6 )  must be  i n  terms of 
t h e  t ime d e r i v a t i v e s  of t h e  g a s - d e n s i t y  f l u c t u a t i o n s  i n  o r d e r  t o  o b t a i n  
a n  e x p e r i m e n t a l l y  a c c e s s i b l e  form of e q u a t i o n s  ( 1 ) .  

For  s t a t i o n a r y  t ime  s e r i e s  , t h e  c o r r e l a t i o n  of t ime d e r i v a t i v e s  
is i d e n t i c a l  w i t h  t h e  t ime  l a g  d i f f e r e n t i a t i o n  of t h e  c o r r e l a t i o n .  



We can a l s o  s i m p l i f y  t h e  r e t a r d e d  t imes i n  e q u a t i o n  (1)  by t h e  a p p r o x i -  
mat i o n  

The o r d e r  of t ime l a g  d i f f e r e n t i a t i o n  and s p a c e  i n t e g r a t i o n  ( e q u a t i o n  
--f 

(11))  may b e  in te rchanged  i n  t h e  s p e c i a l  c o o r d i n a t e  sys tem 6 = ( t l ;  E2; 
E3) where t h e  p lanes  t1 = c o n s t a n t  a r e  p a r a l l e l  t o  t h e  Mach wave f r o n t s  
t h a t  a r e  genera ted  a t  t h e  s o u r c e  p o i n t  2, t h e  r e a s o n  be ing  t h a t  r e t a r d e d  
t imes a r e  c o n s t a n t  a long  such  p lanes  w i t h i n  t h e  f a r - f i e l d  approximat ion.  
This t y p e  of crossed-beam o r i e n t a t i o n  is p o s s i b l e ,  b u t  does n o t  a l l e v i -  
a t e  t h e  problem s i n c e  8 i s  n o t  known 5 p r i o r i .  

Now, t h e  t ime  d e l a y  f o r  t h e  o r i e n t a t i o n  i n  f i g u r e  I. 2 i s  

This t ime  d e l a y  i s  a l s o  p r e c i s e l y  t h a t  which a l lows  an  eddy t o  move 
from t h e  upstream beam t o  t h e  downstream beam a long  a  s t r e a m l i n e  i n  a 
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r e f e r e n c e  frame o r i e n t e d  i n  t h e  flow d i r e c t i o n  5 = (5 ;  7; 5 ) .  I n  o t h e r  
words,  t h e  r e t a r d e d  t ime i s  c o r r e c t  f o r  t h e  a r e a  n e a r  t h e  'lcommon" 
s t r e a m l i n e ,  b u t  away from t h e  s t r e a m l i n e  T is a  f u n c t i o n  of t h e  p a r t i c u -  
l a r  p o i n t s  7 and (. I n  t h e  f i r s t  approx imat ion ,  t h e  c o n t r i b u t i o n s  should 
c a n c e l  as i n  t h e  c a s e  f o r  c ross - f low components. There fore ,  we can w r i t e  
equa t ions  (10) and (11) a s  



and 

Now, s(?), b e i n g  a n  e x p e r i m e n t a l l y  a c c e s s i b l e  q u a n t i t y  under t h e  above 
assumpt ions ,  sound s o u r c e  i n t e n s  i t i e s  can  be  measured.  

1-3. EXPERIMENTAL STUDIES 

The f i r s t  tests ' '  conducted w i t h  t h e  i n f r a r e d  crossed-beam sys tem 
were  made i n  t h e  s h e a r  l a y e r  a t  a n  a x i a l  l o c a t i o n  of X / D  = 4 of a sub-  
s o n i c  j e t  s o  t h a t  comparisons could  b e  made w i t h  more s t a n d a r d  measur ing 
t echn iques .  A  photograph of t h e  one- inch d iamete r  s u b s o n i c  j e t  f a c i l i t y  
and i n f r a r e d  crossed-beam sys tem is  shown i n  f i g u r e  1 . 3 .  

The r a d i a t i o n  s o u r c e s  c u r r e n t l y  i n  use  a r e  glowbars o p e r a t i n g  a t  a  
t e m p e r a t u r e  of 1100°K ( e q u i v a l e n t  blackbody t e m p e r a t u r e ) .  C a s s e g r a i n i a n  
o p t i c s  a r e  used t o  focus  t h e  r a d i a t i o n  from t h e  s o u r c e s  i n t o  t h e  j k t  
f low f i e l d  w i t h  a n  image dimension of  2mm i n  t h e  f low d i r e c t i o n  and 
1 mm i n  t h e  t r a n s v e r s e  d i r e c t i o n .  The r a d i a t i o n  is  then  c o l l e c t e d ,  u s i n g  
s i m i l a r  o p t i c s  and re focused  on t h e  e n t r a n c e  s l i t  of a  McPherson Model 
218 monochromator. The exper imenter  can then  choose  t h e  c e n t e r  wave leng th  
and bandpass s e t t i n g s  d e s i r e d  i n  t h e  4 . 3  micron a b s o r p t i o n  band o f  CO,. 
The bandwidth i n i t i a l l y  used was t y p i c a l l y  0.08 mic rons .  The r a d i a t i o n  
l e v e l  i s  moni tored a t  t h e  e x i t  s l i t  of  t h e  monochromator by us ing  LN, 
cooled Indium-Antimonide d e t e c t o r s .  The f l u c t u a t i n g  s i g n a l s  o b t a i n e d  
a r e  a m p l i f i e d  and recorded  f o r  a  d e t a i l e d  a n a l y s i s .  S imul taneous ly ,  t h e  
s i g n a l s  a r e  reduced o n - l i n e  us ing  a  PAR c o r r e l a t o r .  A computer program 
i s  a v a i l a b l e  t o  r educe  t h e  d i g i t i z e d  d a t a  t a p e s  t o  o b t a i n  t h e  c o r r e l a -  
t i o n s  and s p e c t r a .  

The c r o s s - c o r r e l a t i o n s  ( z e r o  beam s e p a r a t i o n )  and mean l e v e l s  
ob ta ined  w h i l e  t r a v e r s i n g  t h e  s p e c t r a l  r e g i o n  from 4 . 1  t o  4.5 microns  
a r e  shown i n  f i g u r e  1 . 4 .  Both t h e  mean l e v e l  t r a v e r s e  and c r o s s - c o r r e -  
l a t i o n  t r a v e r s e  f o l l o w  t h e  shape  of t h e  C02 a b s o r p t i o n  c u r v e  a s  e x p e c t e d ,  
b u t  c r o s s  - c o r r e l a t i o n s  were  recorded  o u t s i d e  t h e  a b s o r p t i o n  band where 
t h e  a b s o r p t i o n  shou ld  f a l l  t o  ze ro .  It i s  f e l t  t h a t  t h i s  i s  due  t o  t h e  
c o n t r i b u t i o n  from s c a t t e r i n g  t o  t h e  t o t a l  s i g n a l  s i n c e  t h e  j e t  h a s  con- 
t a m i n a t i o n  from o i l  m i s t  due t o  t h e  compressors .  I n  t h i s  c a s e ,  t h e  
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 he d a t a  p r e s e n t e d  here  were k i n d l y  s u p p l i e d  by D r .  R.  J .  Damkevala of 
I I T  Resea rch  I n s t i t u t e .  



s i g n a l  is  obv ious ly  n o t  e n t i r e l y  due t o  C02 a b s o r p t i o n ,  and t h e r e f o r e  
some method must b e  dev i sed  t o  t r e a t  t h i s  t y p e  of problem. 

I f  we c o n s i d e r  the  f l u c t u a t i n g  s i g n a l s  of  beam A and beam B t o  b e  
composed of c o n t r i b u t i o n s  due t o  a b s o r p t i o n  and s c a t t e r i n g ,  then  

iA(A, ...) = i (A, ... ) + 5  (Al,  - * - )  
A a  As 

and 

where we have assumed t h a t  t h e  s c a t t e r i n g  c o n t r i b u t i o n  i s  a  l i n e a r  con- 
tinuum a c r o s s  t h e  a b s o r p t i o n  band and can  thus  b e  approximated a t  hl. 

The c r o s s - c o r r e l a t i o n  of t h e  two composi te  s i g n a l s  y i e l d s  

< iA(A, ...) ig(A, ... ) > = < iA (A, ... ) i (A, ... ) > 
a B a  

+<iA (A, ... ) iBs(Al. . . . I  > + < i (Al, ... ) 
A s  

iBa(A. . . .)> 
a 

+ < i A S  (A1, . . .) iBs (A1, . . .) >. 

Theref  o r e ,  t o  o b t a i n  

<iAa(h,  . . .) (A, ...) > , 
'Ba 

we must know t h e  t h r e e  remaining terms on t h e  RHS of e q u a t i o n  (1  7 ) .  

By d e f i n i t i o n ,  



and 

Also ,  

< iAa  (A, . . . ) igs  (Al, . . . )> 
Qas = (A,hl) = < I A  > < I B  > 

s i n c e  b o t h  p r o c e s s e s  a r e  governed by t h e  t u r b u l e n c e  c o n v e c t i o n  and a r e  
thus  w e l l  c o r r e l a t e d .  Now, s e t t i n g  beam A a t  Al and beam B a t  A, c r o s s -  
c o r r e l a t i n g  t h e  two s i g n a l s ,  we g e t  

F i n a l l y ,  we c a n  w r i t e  

+ Qss 0 1 ,  A1) 9 ( 2 3 )  

which i s  t h e  c o n t r i b u t i o n  due t o  a b s o r p t i o n  o n l y  ( s e e  f i g u r e  1.4). 



F i g u r e  1 .5  shows a  r a d i a l  p r o f i l e  measured a t  a c e n t e r  wavelength  
of A = 4.24 mic rons .  The r e s o l u t i o n  of t h e  crossed-beam system may be  
a s s e s s e d  by comparing t h e  w i d t h  of t h i s  i n t e n s i t y  peak w i t h  t h e  s h e a r  
l a y e r  wid th .  The c o n s i s t e n t  v a r i a t i o n  of t h e  two-beam produc t  mean 
v a l u e  i s  ev idence  of r e s o l u t i o n  c a p a b i l i t i e s ,  and s u p p o r t s  t h e  e a r l i e r  
c o n t e n t i o n  of t h e  v a l i d i t y  of t h e  p o i n t - a r e a  c o r r e l a t i o n  c o n c e p t .  

F o u r i e r  t r a n s f o r m s  performed on t h e  c r o s s - c o r r e l a t i o n s  a r e  p re -  
s e n t e d  i n  f i g u r e  1 . 6 .  Once a g a i n  t h e  p o i n t - a r e a  c o n c e p t  a p p e a r s  t o  be  
suppor ted  by  exper imenta l  ev idence ,  s i n c e  t h e  h i g h  f r e q u e n c y  p o r t i o n  of 
t h e  spec t rum does approximate  t h e  -11/3 power law v e r y  w e l l .  

1-4. CONCLUSIONS AND FUTURE PLANS 

The v e r y  promising f i r s t  r e s u l t s  p resen ted  i n  t h i s  paper  have g i v e n  
c o n f i d e n c e  t h a t  t h e  c r o s s  ed-beam t e c h n i q u e  w i l l  a l l o w  measurements of 
sound s o u r c e  i n t e n s i t i e s  t o  b e  made i n  j e t  f lows.  Toward t h a t  end,  
exper iments  a r e  be ing  i n i t i a t e d  t o  measure two-beam c o r r e l a t i o n s  i n  a  
hea ted  s u b s o n i c  j e t ,  and measurements have a l r e a d y  begun i n  a  s p e c i a l l y  
des igned a b s o r p t i o n  c a l i b r a t i o n  c e l l  t o  v e r i f y  a n a l y t i c a l  p r e d i c t i o n s ,  
w i t h  r e g a r d  t o  unders tand ing  p r e s s u r e  and t empera tu re  e f f e c t s .  These 
measurements a r e  t o  b e  made by v a r y i n g  t h e  a b s o r b e r  mass,  s t a t i c  and 
dynamic p r e s s u r e  and s t a t i c  t empera tu re  independen t ly .  

With t h i s  i n f o r m a t i o n  and t h e  a l r e a d y  proven a b i l i t y  t o  o b t a i n  
remote ly  p o i n t - a r e a  c o r r e l a t i o n s  t h a t  a r e  n o t  a c c e s s i b l e  t o  p robe  
i n s t r u m e n t s ,  t h e  crossed-beam sys tem w i l l  have t h e  p o t e n t i a l  of l o c a t i n g  
and measur ing,  f o r  t h e  f i r s t  t ime,  t h e  t u r b u l e n t  sound s o u r c e  i n t e n s i t i e s  
i n  j e t  f lows .  Such measurements,  t aken  w i t h o u t  d i s t u r b i n g  t h e  f low,  w i l l  
n o t  o n l y  l e n d  s u p p o r t  t o  a n a l y t i c a l  p r e d i c t i o n s ,  b u t  a l s o  a i d  i n  t h e  
d e s i g n  and e v a l u a t i o n  of n o i s e  s u p p r e s s  i o n  d e v i c e s .  







FIGURE I. 3 .  I R  X-BEAM FRAME 
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CHAPTER I1 

OPTICAL DETECTION OF MOVING STRIATIONS 

WITH THE CROSS-CORRELATION TECHNIQUE 

J .  B. Stephens and J .  B. Thomison, J r .  
NASA - M a r s h a l l  Space F l i g h t  Cen te r ,  Alabama 

SUMMARY 

O p t i c a l  o b s e r v a t i o n s  of emiss ion v a r i a t i o n s  i n  a  plasma g e n e r a t e d  
by a  glow d i s c h a r g e  have been achieved us ing  t h e  cross-beam c o r r e l a t i o n  
technique.  C l a s s i f i c a t i o n  of t h e s e  emiss ion v a r i a t i o n s  a t  a p o i n t  i n t o  
p e r i o d i c ,  narrow band, and random processes  , i s  d i s c u s s e d  , a l o n g  w i t h  
t h e  i d e n t i f i c a t i o n  of convec t ion  speeds  and feedback loops of t h e  sys tem.  

11-1. INTRODUCTION 

The experiments documented i n  t h i s  paper  were designed t o  develop 
cross-beam methods f o r  s t u d y i n g  l o c a l  photo-chemical  p rocesses  i n  a  
plasma. Prev ious  i n v e s t i g a t i o n s  of glow d i s c h a r g e s  by Abr ia  [11- 11 and 
l a t e r  by o t h e r s  [11-21 i n d i c a t e d  t h a t  i t  i s  composed of moving o p t i c a l  
f l u c t u a t i o n s .  More r e c e n t  photographic  experiments by Garscadden and 
Lee [II-31 show t h a t  t h e s e  f l u c t u a t i o n s  can move b o t h  toward t h e  ca thode  
and toward t h e  anode. Our t e s t s  d i f f e r  from prev ious  i n v e s t i g a t i o n s  by 
a p p l y i n g  t h e  cross-beam c o r r e l a t i o n  t echn ique  which was developed i n  
t h e  wind t u n n e l  by F i s h e r  and Krause [11-41 and i n  t h e  atmosphere by 
Stephens e t  a l .  [11-51 t o  measure wind speeds .  V e l o c i t y  and f requency  
i n f o r m a t i o n  has  been ob ta ined  by extending t h e  cross-beam t e c h n i q u e  from 
e x t i n c t i o n  p rocesses  t o  emiss ion p rocesses .  



11-2. PHOTOGRAPHIC EVALUATION OF GLOW DISCHARGE PHENOMENA 

The plasma i n s t a b i l i t i e s  t h a t  produced t h e  o p t i c a l  f l u c t u a t i o n s  a r e  
de f ined  t o  be s t r i a t i o n s  i n  t h e  p o s i t i v e  column of  t h e  glow d i s c h a r g e  
( s e e  Fig .  11 .1 ) .  S t a t i o n a r y  s t r i a t i o n s ,  which a r e  packe t s  of ion ized  
gas  s e p a r a t e d  by d a r k  s p o t s ,  normal ly  occur  a t  t u b e  p r e s s u r e s  below 
1 mm Hg ( s e e  F i g ,  I I . l b ) .  F i g u r e  I I . l a  is a n  example of moving s t r i a -  
t i o n s .  Although t h i s  p i c t u r e  was t aken  a t  11100 of a  second,  f l u c t u a -  
t i o n s  a r e  n o t  obvious ,  and t h e  glow appears  a s  a  continuum. F i g u r e  11.2 
shows t h e  t e s t  s e t u p  as i t  appeared immediately b e f o r e  a  high-speed 
movie was t aken .  

I f  a  s t r i a t i o n  c o n t a i n s  a n  excess  of p o s i t i v e l y  ion ized  g a s ,  i t  
should move toward t h e  ca thode .  Conversely ,  i f  a  s t r i a t i o n  c o n t a i n s  a n  
excess  of e l e c t r o n s ,  i t  should move toward t h e  anode. This i s  i n  accord  
w i t h  t h e  c u r r e n t  views of plasma physics  [11-31. These two c a s e s  a r e  
i l l u s t r a t e d  i n  F i g u r e s  11.3  and 11.4  taken a t  11400 of a  second. I n  
F igure  11.3  t h e  s m a l l e r  s t r i a t i o n  moves p r i m a r i l y  toward t h e  ca thode ,  
r e v e r s e s  i t s  d i r e c t i o n  f o r  a  s h o r t  t ime,  and moves backward toward t h e  
anode. I n  F i g u r e  11.4 t h e  movement of t h e  s t r i a t i o n  tends  e n t i r e l y  
toward t h e  anode. This  i s  i n  keeping w i t h  t h e  r e s u l t s  of Garscadden 
and Lee [11-31 which show e x i s t e n c e  f o r  forward- and backward-moving 
s t r i a t i o n s .  

High-speed movies were t aken  of t h i s  phenomenon, b u t ,  u n f o r t u n a t e l y ,  
movies p r o v i d e  o n l y  q u a l i t a t i v e  d e s c r i p t i o n s  s i n c e  t h e  photographic  f i l m  
is  a  l o g a r i t h m i c  d e t e c t o r .  Therefore ,  one cannot  s e e  a  f i n e  s t r u c t u r e  i n  
t h e  photographs of t h e  l a r g e  s e m i - s t a t i o n a r y  i o n i z a t i o n .  The p r e s e n t  
s t a t e - o f - t h e - a r t  i n  photography r e s t r i c t s  measurements t o  t h o s e  o c c u r r i n g  
below 1000 Hz. For example, l i t t l e  o r  no d e t a i l e d  i n f o r m a t i o n  can be 
ob ta ined  a b o u t  a  glow d i s c h a r g e  i n  argon s i n c e  i t s  f requency range is  
from 1000 Hz t o  a t  l e a s t  10,000 Hz. 

11-3. CROSS-BEAM EXPERIMENTS 

Both q u a l i t a t i v e  and q u a n t i t a t i v e  r e s u l t s  have been achieved by 
us ing two c r o s s e d  p h o t o m u l t i p l i e r s .  These p h o t o m u l t i p l i e r s  a r e  l i n e a r  
over  t h e i r  e n t i r e  r a n g e  and have a  f requency response  b e t t e r  than our  
e l e c t r o n i c s  . 

The exper imenta l  s e t u p  is  shown i n  F i g u r e  11.5. Our measurements, 
which were r e s  t r i c t e t  t o  t h e  p o s i t i v e  column& were  made a t  an o p t i c a l  
wave l e n g t h  o f  3100 A w i t h  a  bandpass of 50 A. The f o c a l  l e n g t h  of t h e  
o p t i c s  was 11.3 cm w i t h  a  d iamete r  of t h e  beam a t  i n t e r s e c t i o n  of 1 mm. 
The work was done i n  a  d i s c h a r g e  tube  of a  d iamete r  of 9 cm and w i t h  



s t a i n l e s s  s t e e l  e l e c t r o d e s  8 2  cm a p a r t .  The major p o r t i o n  of our  e f f o r t  
was c o n c e n t r a t e d  i n  Argon a t  t h e  p r e s s u r e  range  from 1 mm Hg t o  25 mm Hg, 
w i t h  some work a l s o  be ing  done i n  C02 and a i r .  

The o u t p u t s  of  t h e  o p t i c a l  c o l l e c t o r s  were t h e n  f e d  i n t o  t h e  
P r i n c e t o n  Applied Research (PAR) ana log  c o r r e l a t o r  t o  o b t a i n  a  covar -  
i a n c e  r e a d i n g .  This  o n - l i n e  ana log  computer assumes t h a t  no D.C. s h i f t s ,  
t r e n d s  o r  g a i n  i n s t a b i l i t i e s  were  in t roduced  by t h e  e l e c t r o n i c s .  
F u r t h e r ,  t h e  c o v a r i a n c e  thus  o b t a i n e d  w i l l  become u n c e r t a i n  a s  soon a s  
t h e  c o r r e l a t i o n  d rops  below 10  p e r c e n t  of  t h e  mean s i g n a l  power. 

Wi th in  t h e  above assumpt ions ,  t h e  ana log  computat ions  of t h e  PAR 
c o r r e l a t o r  shou ld  form a n  e s t i m a t e  of  t h e  temporal  c o v a r i a n c e  f u n c t i o n ,  
which is  d e f i n e d  a s  f o l l o w s :  

where 

x ( t )  = i n s t a n t a n e o u s  f l u c t u a t i o n s  of i n t e n s i t y  from t h e  
undelayed channel  

Y( t -7 )  = i n s t a n t a n e o u s  f l u c t u a t i o n s  from t h e  delayed channe l  

% and ?= a v e r a g e  v a l u e s  of  t h e  f l u c t u a t i o n s  

7; = d e l a y  t ime  s e t  d u r i n g  d a t a  r e d u c t i o n  

t = r e a l  t ime  

T = t o t a l  i n t e g r a t i o n  t ime 

N = n o r m a l i z a t i o n  f a c t o r .  

This  c o v a r i a n c e  enab les  one t o  o b t a i n  t h e  b e s t  e s t i m a t e  f o r  t h e  
amount of t ime  r e q u i r e d  f o r  t h e  s t r i a t i o n  t o  t r a v e r s e  t h e  t r a n s i t  
d i s t a n c e  of  t h e  two beams ( s e e  F ig .  1 1 . 5 ) .  The c o v a r i a n c e  a l s o  p rov ides  
a  s y s t e m a t i c  approach t o  t h e  c l a s s i f i c a t i o n  of narrow- and broad-band 
p rocesses  w h i l e  s y s t e m a t i c a l l y  t r e a t i n g  a n  e n t i r e  ensemble. 

A s  shown i n  F i g u r e  11 .6  s e v e r a l  types  of wave form were encoun te red .  
The f i r s t  s i g n a l  is easy  t o  c l a s s i f y  s i n c e  i t  i s  o b v i o u s l y  p e r i o d i c ,  b u t  
t h e  remaining s i g n a l s  r e q u i r e  some kind of s t a t i s t i c a l  d e s c r i p t i o n .  
F i g u r e  11.7  shows how t h e  top  t h r e e  s i g n a l s  can b e  c l a s s i f i e d  by u s e  of 



a n  a u t o c o r r e l a t i o n  c u r v e .  When t h e  maximum a m p l i t u d e  of t h e  peaks does 
n o t  decay a s  a  f u n c t i o n  of t ime d e l a y ,  then  t h e  p rocess  is  p e r i o d i c .  
When t h e  peak decay i s  a  f u n c t i o n  of  t ime  d e l a y  t h e  p rocess  i s  e i t h e r  
narrow-band o r  broad-band,  depending on t h e  r a t e  of  c o r r e l a t i o n  decay.  
The broad-band p rocess  occurs  where t h e r e  i s  o n l y  a  fundamental  peak 
and t h e  remaining peaks a r e  washed o u t .  I n  t h e  narrow band p r o c e s s  
t h e  h i g h e r  o r d e r  peaks d e c r e a s e  i n  a m p l i t u d e  a s  t h e  o r d e r  i n c r e a s e s .  
P h y s i c a l l y ,  t h e s e  t h r e e  p rocesses  t e l l  you t h a t :  

(1)  I f  t h e  s i g n a l  i s  p e r i o d i c ,  then  t h e  s i g n a l  t ime  
h i s t o r y  i s  r e c u r r i n g  a t  e x a c t  i n t e r v a l s  of t ime.  

( 2 )  I f  t h e  s i g n a l  i s  narrow-band, t h e n  t h e  t ime  h i s t o r y  
w i l l  r e p e a t  i t s e l f  f o r  a  f i n i t e  number of p e r i o d s  
u n t i l  it is  damped o u t .  

(3 )  I f  t h e  s i g n a l  is broad-band, then  t h e  s i g n a l  t ime 
h i s t o r y  w i l l  n o t  r e p e a t  i t s e l f .  

Thus, t h e  k ind  of p r o c e s s  p rov ides  a  means of  c l a s s i f i c a t i o n  of t h e  
i n t e r n a l  c o n s i s t e n c y  o f  t h e  s t r u c t u r e .  

The f o u r t h  s i g n a l  on F i g u r e  11.6 a f f o r d s  a  more c h a l l e n g i n g  t e s t  
f o r  t h e  c o r r e l a t i o n  t e c h n i q u e  a s  shown i n  F i g u r e  11.8.  It was found 
t h a t  by f i l t e r i n g  t h e  s i g n a l  i t  could  b e  subd iv ided  i n t o  a  h i g h  f r e -  
quency and a  low f requency  component. The low f requency  component 
was due t o  p e r i o d i c  f l u c t u a t i o n s  and moved i n  t h e  d i r e c t i o n  of t h e  
ca thode .  The h i g h  f requency  component was a  narrow-band p rocess  and 
had a v e l o c i t y  i n  t h e  d i r e c t i o n  of t h e  anode. This  could  w e l l  b e  
thought  of  a s  a n  i o n  s t r i a t i o n  (moving toward t h e  c a t h o d e )  w i t h  a  sub-  
s t r u c t u r e  composed o f  e l e c t r o n  waves (moving toward t h e  anode) .  The 
d i r e c t i o n  of f low was determined by s t a r t i n g  w i t h  i n t e r s e c t i n g  beams 
and i n c r e a s i n g  t h e  beam s e p a r a t i o n .  A s  t h e  s e p a r a t i o n  i n c r e a s e d ,  t h e  
t r a n s  i t  t ime i n c r e a s e d  p o s i t i v e l y  o r  n e g a t i v e l y  a c c o r d i n g  t o  t h e  f low 
d i r e c t i o n .  

Another  k ind of measurement performed was t h e  i d e n t i f i c a t i o n  of t h e  
feedback loop  between t h e  f l u c t u a t i o n s  of  t h e  d i s c h a r g e  c u r r e n t  and t h e  
o p t i c a l  f l u c t u a t i o n s  i n  emiss ion.  This was done by c r o s s - c o r r e l a t i n g  
t h e  o p t i c a l  f l u c t u a t i o n s  w i t h  t h e  c u r r e n t  f l u c t u a t i o n s .  When t h e  beam 
s e p a r a t i o n  i n c r e a s e d ,  t h e  t r a n s  it t ime i n c r e a s e d  (bottom c o r r e l a t i o n  
c u r v e  i n  F i g u r e  1 1 . 8 ) .  Thus, i t  was p o s s i b l e  t o  c l o s e  t h e  feedback loop  
and s a y  t h a t  t h e  f l u c t u a t i o n s  i n  t h e  c u r r e n t  were  due t o  t h e  f low of 
e l e c t r o n s  i n  t h e  d i s c h a r g e .  

When one changes t h e  p o t e n t i a l  a c r o s s  t h e  d i s c h a r g e ,  t h e  d i s c h a r g e  
is  u n s t a b l e  u n t i l  i t  r e a c h e s  thermal  e q u i l i b r i u m .  A l l  of our  measure- 
ments were  made a f t e r  a  s h o r t  pe r iod  of t ime had e l a p s e d ,  and i t  was 
confirmed t h a t  a l l  parameters  were s t a b l e .  



11-4. PERIODIC STRIATIONS 

The f r e q u e n c i e s  of t h e  p e r i o d i c  f l u c t u a t i o n s  ranged from 10 Hz t o  
50 KHz and t h e  v e l o c i t i e s  from 0  t o  30 km/sec. The r e s u l t s  a r e  based 
on over  200 measurements, which a r e  summarized i n  F i g u r e s  11 .9 ,  II. 1 0 ,  
11.11 and Table  11.1. 

During t h e  c o u r s e  of our  measurements, it was n o t i c e d  t h a t  a 
p e r i o d i c  waveform would appear  o u t  of what had been a  random narrow- 
band p r o c e s s .  This  p e r i o d i c  waveform w a s  s t a b l e  f o r  t h e  c o n d i t i o n s  
under which it was observed,  b u t  any s l i g h t  change i n  c o n d i t i o n s  
r e s u l t e d  i n  a  r e v e r s i o n  t o  t h e  random narrow-band process .  The 
p e r i o d i c  process  was observed i n  Argon over  a  wide range  ( 1  mm - 20 mm) 
of  p r e s s u r e ,  b u t  on ly  c e r t a i n  d i s c h a r g e  v o l t a g e s  f o r  each p r e s s u r e .  It 
was a l s o  n o t i c e d  t h a t  t h e  ampl i tude  of t h e  p e r i o d i c  waveform was much 
l a r g e r  t h a n  t h a t  f o r  t h e  a s s o c i a t e d  random narrow-band process .  

The wave l e n g t h  of t h e  p e r i o d i c  waveform seemed t o  f a l l  approx i -  
mate ly  i n t o  two c a t e g o r i e s  ( s e e  Fig .  11.10):  

(1) Wave l e n g t h  equa l  t o  l e n g t h  of t u b e ;  

(2) Wave l e n g t h  equa l  t o  one h a l f  o f  t u b e  l e n g t h .  

The v e l o c i t y  and f requency of t h e  p e r i o d i c  s t r i a t i o n s  a r e  p rac -  
t i c a l l y  independent  from t h e  t u b e  p r e s s u r e  w i t h i n  t h e  range  between 1 
and 20 mm Hg a s  i l l u s t r a t e d  i n  F i g u r e s  11.9  and 11.10.  The kind of 
p r o c e s s ,  t h e  k ind  of s t r i a t i o n  ( i o n  o r  e l e c t r o n ) ,  and t h e  gas  composi- 
t i o n  a l l  have a  f i r s t  o r d e r  e f f e c t  on t h e  v e l o c i t y ,  f requency ,  and 
wave l e n g t h  of moving s t r i a t i o n s .  Even though we could  n o t  c l e a r l y  
e s t a b l i s h  a p a t t e r n ,  t h e r e  appeared t o  be  times d u r i n g  which o n l y  one 
t y p e  of s t r i a t i o n  was p r e s e n t .  Ion and e l e c t r o n  s t r i a t i o n s  d i d  n o t  
always occur  s imul taneous 1 y. 

11-5. STANDING STRIATIONS 

The second d i s t i n c t  c l a s s  of s t r i a t i o n  t h a t  was observed i n  t h e  
glow d i s c h a r g e  is  a s t a n d i n g  s t r i a t i o n .  We always found t h a t  t h e  f l u c -  
t u a  t i o n s  i n  emiss ion a s s o c i a t e d  w i t h  s t a n d i n g  s t r i a t i o n s  were broad band. 
The f i r s t  z e r o  c r o s s i n g  of t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  was t aken  as a n  
e s t i m a t e  of t h e  t ime per iod  a s s o c i a t e d  w i t h  t h e  c e n t e r  f requency  of t h e  
broad band process .  This pe r iod  was d i v i d e d  i n t o  t h e  measured v e l o c i t y  
t o  o b t a i n  a  c h a r a c t e r i s t i c  wave l e n g t h .  



Although t h e  s t r i a t i o n s  appear  s t a n d i n g  t o  t h e  o b s e r v e r ,  t h e  c r o s s  
c o r r e l a t i o n  t e s t s  i n d i c a t e d  t h a t  they have s m a l l  v e l o c i t i e s  abou t  a 
f a c t o r  of a  hundred l e s s  t h a n  t h o s e  a s s o c i a t e d  w i t h  t h e  p e r i o d i c  s t r i a -  
t i o n s .  The d i r e c t i o n  of t h e s e  smal l  v e l o c i t i e s  seemed t o  f o l l o w  on ly  
t h e  e l e c t r o n  f l u x .  

11-6. CONCLUSIONS AND RECOMMENDATIONS 

S i n c e  our  r e s u l t s  f o r  t h e  v e l o c i t i e s  and f r e q u e n c i e s  of moving 
s t r i a t i o n s  a r e  i n  keeping w i t h  t h o s e  t o  be  found i n  t h e  l i t e r a t u r e ,  we 
have c o n f i d e n c e  i n  t h e  c r o s s  -beam techn ique  t o  r e t r i e v e  t h i s  i n £  o rmat ion  
i n  emiss ion.  

This r e s e a r c h  has demonstrated t h e  f e a s  i b i l i t y  of t h e  c r o s s  -beam 
techn ique  f o r  s u c c e s s f u l  r e t r i e v a l  i n  emiss ion of (1)  phase and group 
v e l o c i t i e s  a long  t h e  main c u r r e n t ,  ( 2 )  s e p a r a t i o n  of p e r i o d i c  and random 
narrow-band components, (3 )  c l a s s  i f  i c a t i o n  of o p t i c a l  d i s t u r b a n c e s  u s i n g  
l e n g t h  and t ime  s c a l e s  i n  moving f rame,  (4) c l a s s i f i c a t i o n  of f low 
i n s t a b i l i t i e s  through s t a t i s t i c a l  e v a l u a t i o n  of changes i n  su r roundings ,  
and (5) c o r r e l a t i o n  between feedback loops and t h e  c o n t r o l  sys tem ( e . g . ,  
c o r r e l a t i o n  of f l u c t u a t i o n s  i n  emiss ion and f l u c t u a t i o n s  i n  c u r r e n t ) .  
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FIGURE 11.4. ELECTRON STRIATION 
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TABLE 11.1. EXPERIMENTAL DATA 

GLOW DISCHARGE I N  ARGON 

RUN NUMBER 9 20.0 
P o w ~ i ?  R E S I S T  
WATTS K OHMS 

8 ~ 1 0 0  36eOOO 
33.605 7.954 
590800 40522 
90r255 3.315 

1250560 2.716 
166.950 2.377 
211.050 2.127 
264 r 625 1 * 986 
321.625 1.867 

RUN NUMBER 
POWER 
WATTS h 
25.650 
51.500 
82 * 500 

117.000 
1550 000 
297 * 600 
351 e 450 
298 r 000 
247,450 
200 400 
158*000 
1189200 

9 23.0 
RESIST  
: OHMS 

10.260 
5.150 
3 * 467 
2.925 
2.480 
1.860 
1 *736 
1.862 
2.020 
2.227 
2.528 
2r955 

RUN NUMBER r 24.0 
POWER RESIST  
WATTS K OHMS 
30.900 12.360 
61.800 6.180 
950550 4.247 

134.000 3.350 
1750750 2,812 
221.700 2.463 
269 t 850 2 * 203 
321.200 2.007 
376.650 1.860 
440.000 1.760 

PRESSURE a 5;0 
FREQ VEL WLG 
KHz KM/sEC METERS 

17.857 12.097 0677 
180519 12.295 a664 
19.231 12-500 9650 
20.833 12.500 -600 
20.833 13 -636  0655 
22.222 13.889 0625 
23.813 15.000 0630 
26.316 15.789 0600 
27.027 21.429 *793 

PRESSURE 4.8 
FREQ VEL WLG 

K H z  KMIsEC METERS 
1.600 *498 0311  
2.353 8744 *316 
2.857 *99Q ,347 

25.641 15.000 0585 
25.641 15.385 e600 
28.571 18-182 *636 
25*641 180182 0709 
45.455 15.957 0351  
23.256 16.667 *717 
22.472 16.214 0722 
21*598 15.957 0739 
20*964 15.385 0734 

PRESSURE = 4;9 
FREQ VEL WLG 

K H z  KM/sEC METERS 
22.124 16.760 0758 
25*000 17.143 9686 
25.510 18*07e (708 
26.178 18.750 0716 

26.667 180750 a703 
28.090 17.544 -625 
27.174 18.750 r690 
27.397 18.987 r693 
27.174 20.408 0751  
29.240 210127 9723 

D P S V  PER 
VOLTS U$EC 

540*c  F6rO 
51700 5 4 r 0  
520*C 52.0 
547.0 48.0 
584 r0  48.0 
630.0 45.0 
670.0 42.0 
725e0 38.0 
775*0  47.0 

D I S V  PER 
VOLTS USEC 

513.0 6 2 5 ~ 0  
515*0 42510 
550.0 350.0 
585e0 39.0 
6 2 0 * ~  a 9 0 0  
744.0 35.0 
78190 39.0 
7459C P2r0 
707.C 43*0  
668 r0  k 4 t 5  
632e0 4 6 0 3  
591*0  47.7 

D I S  V 
VOLTS 

TAU 
USEC 

24.8 
2404  
2490 
2 4 r 0  
2200 
21  r 6  
20 0 0 
1 9 0 0  
14.0 

TAU 
USEC 
603.0 
403.0 
303 a 0 

2 0 r 0  
19.5 
1 6 r 5  
16.5 
18.8 
1890 
1 8 r 5  
$898 
19.5 

TAU 
USEC 

1789 
17 * 5 
1696 
l 6 r O  

16.0 
17 9 1 
16eO 
15.8 
14.9 
14 e 2 



TABLE 11.1. (Cont inued)  

RUN NUYBER = 25.0 
POWER RESIST 
MATTS K OHMS 
8.970 391867 
290500 11.800 
59.300 5.930 
90.750 4.033 
1250600 3.140 
160*000 2.560 
2050500 2.283 
253.050 2.066 
303.600 1.897 
3580200 1 e769 
417.500 1.670 
139.200 3.480 
101 ~ 4 0 0  4.507 
66.500 6.650 
320700 13r080 

RUN NUMBER 
PONER 
WATTS K 
30 * 400 
60~800 
94 800 
131*400 
171.750 
215.400 
262.150 
274.000 
367 0 650 
428,000 

28.0 
RESIST 

: OHMS 
12.160 
60080 
4.213 
3.285 
2.748 
2.393 
20 140 
1.712 
1.816 
1.712 

RUN NUMBER = 29.0 
POWER RESIST 
WATTS K OHMS 
23,250 9.300 
530800 5.380 
91,050 4*047 
134.600 34365 

1841250 2.948 
239.400 2.660 
303r800 2.480 
370.400 2.315 
449~550 20220 
531.500 2.126 

RUN NUMBER 8 30.0 
POWER R E S I S T  
WATTS K OHMS 
129.584 3.912 
1419400 3.535 
105.900 4.707 
70.900 7.090 
549450 Ye680 
101e700 4.520 
139.600 3.490 
178e000 2.848 
222.600 2.473 
271.250 2.214 
325.200 2.032 
3804250 1.878 
4400 500 1 a762 
385.650 1.904 

PRESSURE = 9 
FREQ VEL 

KHZ KY/SEC 
14.184 10.526 
25.510 11.321 
26.385 11.673 
22.779 12*146 
24*510 130453 
35,088 13.514 
56*497 139393 
599524 14r778 
601241 151789 
65.789 16-575 
76,336 16.760 
540348 15.707 
60.606 15.228 
57.143 140493 
21.739 15.464 

PRESSURE = 5 
FREQ VEL 

KHz KM/SEC 
24.752 16.854 
259000 16.484 
25.316 16.216 
25.000 16.575 
26.667 17.442 
26.525 18.072 
26.596 18.519 
27.174 18.519 
28.409 18.987 
28.736 20.134 

'08 
WLG 

METERS 
0742 
*444 
*442 
9533 
:549 
9385 
9237 
*248 
*262 
* 252 
0220 
289 
0251 
254 
*711 

; 1 
WLG 

METERS 
v 68 1 
* 659 
0 64 1 
8663 
*654 
r681 
-696 
* 68 1 
* 668 
0701 

PRESSURE 8 2.0 
FREO VEL WLG 

KHz KM/SEC METERS 

25.316 16.854 *666 
26.882 170964 8668 
28.571 19.737 0691 
29.412 20.000 0680 
PRESSURE 9.8 
FREO VEL WLG 

KHz KM/SEC METERS 
230041 15.957 ,693 
22.831 16.854 0738 
22.989 16.575 0721 
21.598 16.129 *747 
22.371 15r625 *698 
22.523 16.216 0720 
25.253 16.667 0660 
24.938 17.341 -695 
25.840 179857 9691 
26.667 18r750 *703 
28.169 20*000 -0710 
29.851 20.408 0684 
300128 21.127 0701 
30.303 21.127 *697 

D I S  I 
l"l A 
65.0 
6010 
lBO*O 
1so.o 
20oso 
250 o 0 
30000 
390.0 
400*0 
450.0 
5QO o 0 
290.0 
150.0 
lOOI0 
50.0 

D I S  V 
VOLTS 
598 * 0 
590 0 

593 0 0 
605 0 C 
628 r 0 
640.0 
685.C 
723 * C 
759.0 
796.c 
835*0 
696 9 0 
676-0 
665.0 
65410 

D I S  V 
VOLTS 
608 r C 
608 0 Q 
632.0 
657 * 0 
687.0 
71890 
749.0 
685 * 0 
817*0 
856 0 C 

D I S  v 
VOLTS 
465@0 
538 0 
607.0 
673.0 

737*0 
798.0 
868eC 
926 * 0 
999.0 
1063*0 

D I S  V 
VOLTS 
712.0 
707 0 
70690 
709 * 0 
726*0 
67890 
698*0 

PER 
UBEC 
70r5 
39.2 
37.9 
43.9 
40 s 8 
28r5 
17r7 
1608 
16.6 
15r2 
1311 
18.4 
1615 
17*5 
4600 

PER 
UGEC 
CO.4 
4010 
39.5 
40.0 
5'7.5 
37.7 
3796 
36 * 8 
35 * 2 
a4r8 

PER 
UBEC 
49.0 
47.6 
45.6 
39 8 

3:: 
39r5  
37.2 
35*0 
34 e 0 

PER 
UBEC 
4394 
43 8 
43.5 
4693 
k4.7 
C4r4 
3996 
40.1 
38.7 
37.5 
35 95 
33.5 
3392 
33 9 0 

TAU 
USEC 
28r5 
26.5 
25r7 
24.7 
22.3 
22.2 
22 q 4 
20.3 
1990 
$8.1 
17.9 
19.1 
19t7 
20.7 
19.4 

TAU 
USEC 
17.8 
18.2 
$885 
18.1 
1702 
1696 
116.2 
16.2 
15.8 
14.9 

TAU 
USEC 
19.6 
20.1 
2093 
20 e 2 
20 0 Y 
6990 
17.8 
16.7 
$592 
1 5 r 0  

TAU 
USEC 
18.8 
17.3 
18.1 
18.6 
1992 
189s 
18.0 
17.3 
l6*8 
$6.0 
15.0 
1407 
1442 
14.2 



TABLE 11.1. (CONTINUED) 

RUN NUMBER 9 26.0 
POWER R E S I S T  
WATTS K OHMS 
41.905 50800 
51.100 50110 
860250 3.833 

128.600 3a215 
176.250 2 0 8 2 0  
2 3 l r 0 0 0  2.567 
297.500 2.429 
374r000 20337  
4630500 2.289 
5539000 2 * 2 1 2  
3974200 2.482 
337.050 29751 
1460000 3.650 
195.500 3.128 
2520000 2.800 
3110500 2.543 

RUN NUMBER a 27.0 
POYER R E S I S T  
WATTS K OHMS 

163.590 3.7 10 
99r000 4 ~ 4 0 0  
62.100 64210 
26.200 100480  

la207  1.932 

PRESSURE a 2 ? 0  
FREQ VEL WLG 

K H z  KY/SEC METERS 
13.605 101169 *747 
149599 101791 r739 
15.385 119628 0756 
170094 120500 s731 
18.349 13.453 0733 
211008 14.634 0697 
230697 164575 0699 
26r667 180519 9694 

6.849 29222 ,324 
7 0 6 3 4  2.655 0348 
64557 24344 *357 
5 r650  -2.027 er359 

27.624 16.043 0581  
269247 15r625 r595 
25r000 16.484 0659 
15e674 210739 10387  

PRESSURE u 1 0 9  
FREQ VEL WLG 

D I S  V 
VOLTS 

493 * 0 
511 10 
575.0 
6 4 3 ~ 0  
705 @ 0 
770 0 0 
850 0 0 
93590 

1030*0 
1106r0 
993 0 0 
963 * 0 
73010 
782 9 0 
840 @ 0 
890 * 0 

VOLTS 
779 * 0 

TAU 
USEC 

2 9 r 5  
2 7 r 8  
2508 
2 4 r 0  
22e3 
2095 
l a o  1 
$692 

1 3 5 0 0  
113.0 
12800  

-148.0 
1 8 0 7  
19e2 
1 8 * 2  
1398 

TAU 
USEC 

14  9 5 
1590 
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CHAPTER 111 

FEASIBILITY OF CROSSED-BEAM APPLICATIONS TO COMBUSTIVE FLOWS 

3 .  B. Thomison, J r .  and J .  B.  S tephens  
NASA - Marsha l l  Space  F l i g h t  Cen te r ,  Alabama 

SUMMARY 

Group v e l o c i t i e s  of l o c a l  a r e a s  of combus t i o n  i n  a  t u r b u l e n t  f lame 
have been o p t i c a l l y  measured by employing t h e  crossed-beam c o r r e l a t i o n  
t e c h n i q u e .  I d e n t i f i c a t i o n  of v e l o c i t y  and photo-chemical  r e a c t i o n s  
through c o r r e l a t i o n  of emiss ion  f l u c t u a t i o n s  i s  d i s c u s s e d .  

111-1. INTRODUCTION 

The f e a s i b i l i t y  of a p p l y i n g  t h e  cross-beam t e c h n i q u e  was f i r s t  
developed by F i s h e r  and Krause [111-11 i n  a  s u b s o n i c  j e t .  The method 
was extended t o  measure a tmospher ic  wind speeds  by S tephens ,  Sandborn 
and Montgomery [ I I I - 2 1  and l a t e r  t o  measure o p t i c a l  f l u c t u a t i o n s  i n  a  
glow d i s c h a r g e  d e s c r i b e d  i n  Chapter  I1 by Stephens  and Thomison. The 
glow d i s c h a r g e  measurements s t u d i e d  f l u c t u a t i o n s  of emiss ion p r o c e s s e s  
r a t h e r  t h a n  e x t i n c t i o n  p r o c e s s e s .  E a r l i e r  t e s t s  depended on f  l u c t u a -  
t i o n s  i n  t h e  t r a n s m i s s i o n  of a n  independent  l i g h t  s o u r c e  produced by 
changes i n  t h e  o p t i c a l  d e n s i t y  of  a  g a s .  These changes i n  o p t i c a l  
d e n s i t y  cor respond  t o  l i k e  changes i n  t h e  mass d e n s i t y  of t h e  g a s .  
The s o u r c e  f o r  t h e  wind t u n n e l  measurements was a r t i f i c i a l  l i g h t ,  
w h i l e  t h a t  f o r  t h e  a tmospher ic  t e s t s  was s c a t t e r e d  s u n l i g h t .  The 
t e s t s  d e s c r i b e d  i n  t h i s  paper  use  t h e  l i g h t  emi t t ed  from a  t u r b u l e n t  
f l ame  t o  s t u d y  t h e  combus t i o n  p rocess  of t h e  f lame i t s e l f .  No o u t s i d e  
l i g h t  s o u r c e  is used.  These t e s t s  demons t ra te  t h e  f e a s i b i l i t y  o f  u s i n g  - 
t h e  cross-beam t e c h n i q u e  t o  s u c c e s s f u l l y  r e t r i e v e  v e l o c i t y  and s p e c t r o -  
s c o p i c  i n f o r m a t i o n  from a  combus t i o n  p r o c e s s .  



111-2.  PHOTOGMPHIC EVALUATION OF FLAME PROPAGATION 

O p t i c a l  f l u c t u a t i o n s  i n  t h e  body of a  t u r b u l e n t  f lame a r e  due t o  
t u r b u l e n t  edd ies  of burned and unburned g a s e s  ( s e e  F ig .  111 .1 ) .  These 
t u r b u l e n t  edd ies  may b e  d e f i n e d  a s  b lobs  of f l u i d  which e x p e r i e n c e  a  
c o h e r e n t  change of e m i s s i v i t y .  I n  g e n e r a l ,  t h e s e  b l o b s  have a  random 
v e l o c i t y  and a f t e r  t r a v e l i n g  a  mixing l e n g t h  e q u a l ,  on t h e  a v e r a g e ,  t o  
t h e i r  d i a m e t e r ,  they  l o s e  t h e i r  s e p a r a t e  i d e n t i t i e s  [111-31. 

B e f o r e  t h e  a c t u a l  cross-beam f lame t e s t s ,  t h e  f lame was photographed 
w i t h  a  h igh-speed movie camera t o  de te rmine  t h e  t y p e  of f l u c t u a t i o n s  p re -  
s e n t .  The b e s t  v i s u a l i z a t i o n s  of  t h e  f lame mot ion were  o b t a i n e d  a t  
camera speeds  i n  excess  of 1000 frames pe r  second.  The movies were  used 
p r i m a r i l y  t o  de te rmine  t h e  b e s t  p o s i t i o n  a l o n g  t h e  a x i s  of t h e  f lame t o  
o b s e r v e  w i t h  cross-beam p h o t o - d e t e c t o r s  . Qua1 i t a t i v e  v e l o c i t y  measure- 
ments a r e  i l l u s t r a t e d  by t h e  c o n s e c u t i v e  e i g h t  frames shown i n  F ig -  
u r e  111.1. The fo rmat ion  and mot ion of  a n  e m i t t i n g  b l o b  of f l u i d  a r e  
observed a t  t h e  r i g h t  edge of t h e  f i g u r e .  The b l o b  i s  moving t o  t h e  
r i g h t  w i t h  a  speed of approx imate ly  5 . 0  m/sec and i t s  a x i a l  s c a l e  is  
approx imate ly  60 mm. 

111-3. CROSS-BEAM EXPERIMENTS 

Two m u t u a l l y  p e r p e n d i c u l a r  l i n e s  of  sigh^ were  s e t  t o  s e l e c t  t h e  
l o c a l  p o i n t  of i n v e s t i g a t i o n  i n  t h e  f lame.  A l l  z e r o  s e p a r a t i o n  measure- 
ments r e f e r  t o  t h e  s e l e c t e d  p o s i t i o n  10 .1  cm downstream from t h e  n o z z l e  
e x i t .  To a c h i e v e  s e p a r a t i o n  measurements,  t h e  h o r i z o n t a l  pho to -mul t i -  
p l i e r  beam remained f i x e d ,  w h i l e  t h e  v e r t i c a l  beam was moved downstream 
a s  i n  F i g u r e  111.2.  The f o c a l  l e n g t h  of  t h e  o p t i c s  was 11.3  cm w i t h  a  
beam d i a m e t e r  a t  a n  i n t e r s e c t i o n  of approx imate ly  2  mrn. The measure- 
ments were  made p r i m a r i l y  a t  5250 A.  

A f l ame  w a s  ach ieved  by f e e d i n g  C2H2 and O2 t o  t h e  n o z z l e ,  w i t h  a n  
oxygen- to - fue l  r a t i o  of 0.92. Th i s  r a t i o  was s e t  by a d j u s t i n g  t h e  p r e s -  
s u r e  c o n t r o l s  of t h e  f e e d e r  l i n e s  t o  3  p s i g  f o r  C2H2 and 1 p s i g  f o r  02. 
The a c t u a l  oxygen and f u e l  mass f low r a t i o ,  c a l c u l a t e d  from t h e  p r e s s u r e s  
assuming s o n i c  speed a t  t h e  n o z z l e  e x i t ,  were 67.2 g / s e c  and 62.7 g / s e c ,  
r e s p e c t i v e l y .  The oxygen- to-fuel  r a t i o  was i n s u f f i c i e n t  f o r  complete  
combus t i o n ,  and most  of  t h e  burn ing  occur red  a t  t h e  f lame boundar ies  
where ambien t  a i r  was e n t r a i n e d .  

The a c t u a l  exper iments  were  made by feed ing  t h e  o u t p u t s  of  t h e  
p h o t o - m u l t i p l i e r s  d i r e c t l y  i n t o  t h e  PAR ana log  c o r r e l a t o r  t o  o b t a i n  a  
c o v a r i a n c e  r e a d i n g  . This on-1 i n e  ana log  computer assumes t h a t  no D. C.  
s h i f t s ,  t r e n d s ,  o r  g a i n  i n s t a b i l i t i e s  were in t roduced  by t h e  e l e c t r o n i c s  . 



F u r t h e r ,  t h e  c o v a r i a n c e  thus  ob ta ined  w i l l  become u n c e r t a i n  a s  soon a s  
t h e  c o r r e l a t i o n  c o e f f i c i e n t  ( c o r r e l a t i o n / m e a n  s i g n a l  power) d rops  below 
1 0  p e r c e n t .  

Wi th in  t h e  above assumptions ,  t h e  ana log  computat ions  of the  PAR 
c o r r e l a t o r  shou ld  form an  e s t i m a t e  of t h e  temporal  c o v a r i a n c e  f u n c t i o n ,  
which is  d e f i n e d  a s  fo l lows .  

where 

ix ( t )  - i n s t a n t a n e o u s  f l u c t u a t i o n s  of i n t e n s i t y  from 
t h e  undelayed channel  

i ( t - T )  - i n s t a n t a n e o u s  f l u c t u a t i o n s  from t h e  delayed channel  
Y 

T - d e l a y  t ime s e t  d u r i n g  d a t a  r e d u c t i o n  

t - r e a l  t ime 

T - t o t a l  i n t e g r a t i o n  t ime.  

This  c o v a r i a n c e  should be r e l a t e d  t o  t h e  s t a t i s t i c s  of l o c a l  emiss ion 
f l u c t u a t i o n s .  L e t  Q = 7 o r  1 = { denote  a p o i n t  on one of t h e  two 
beams. The emiss ion f l u c t u a t i o n s  i n  t h e  beam element &? around t h i s  
p o i n t  a r e  then  desc r ibed  by t h e  emiss ion c o e f f i c i e n t  f l u c t u a t i o n s  

a r b t a ;  h ; t )  
K' ( a ;  t; A) = ae I ( a ; A ; t >  ' 

where 

1 ;  ) - r a d i a t i v e  power f l u x  through beam c r o s s  s e c t i o n  a t  

@=: - emiss ion f l u c t u a t i o n  i n  beam element &. 



Crossed-beam t h e o r y  [111-41 now i n d i c a t e s  t h a t  t h e  n o r m a l i z a t i o n  of 
t h e  A.C. -coupled s i g n a l s  w i t h  t h e  D . C .  mean v a l u e s  should  p r o v i d e  a 
c o v a r i a n c e  e s t i m a t e ,  which is  equa l  t o  t h e  p o i n t - a r e a  p roduc t  mean v a l u e  
of t h e  emiss ion  c o e f f i c i e n t  f l u c t u a t i o n s  K'  around t h e  beam i n t e r s e c t i o n ,  
-3 
X .  

eddy 
c o r r e c t i o n  

where 

- 
Ix = a v e r a g e  D.C.  i n t e n s i t y  from beam x  

- 
I = a v e r a g e  D.C. i n t e n s i t y  from beam y  

Y 

5 = a x i a l  s e p a r a t i o n  d i s t a n c e  

-3 
= ( t , ? ,  () p o i n t  c o o r d i n a t e s  i n  beam f i x e d  frame. 

The l a s t  equa t ion  demons t ra tes  t h a t  l o c a l  emiss ion  v a r i a t i o n s  i n  a  
f lame c a n  b e  r e t r i e v e d  by crossed-beam c o r r e l a t i v e  t e c h n i q u e s .  The 
fo l lowing  p i l o t  exper iments  were  conducted t o  e x p e r i m e n t a l l y  check t h i s  
t h e o r e t i c a l  c l a im.  

111-4. VELOCITY MEASUREMENTS AND 
DETERMINATION OF COMBUSTION EFFECTS 

To o b t a i n  a  v e l o c i t y  measurement i n  t h e  f l ame ,  t h e  two pho to -mul t i -  
p l i e r  beams were s e p a r a t e d  a long  t h e  f lame a x i s ,  and t h e  peak c r o s s -  
c o r r e l a t i o n  o f  t h e s e  f l u c t u a t i o n s  r e v e a l e d  t h e  a v e r a g e  t r a n s  it t ime  f o r  
a  t u r b u l e n t  b lob.  This  t r a n s i t  t ime y i e l d e d  t h e  a v e r a g e  v e l o c i t y  o f  t h e  
b lobs  over  t h a t  d i s t a n c e .  The r e s u l t s  a r e  i l l u s t r a t e d  i n  F i g u r e  111.3.  
They show a  d e c r e a s i n g  v e l o c i t y  w i t h  a n  i n c r e a s e  i n  t h e  downstream beam 
s e p a r a t i o n .  The speed of  t h e  eddy t h a t  was i n d i c a t e d  by t h e  n o i s e  f a l l s  
i n t o  t h e  speed i n t e r v a l  shown i n  F i g u r e  111.3.  A l l  p h o t o - m u l t i p l i e r  



r e c o r d s  t aken  from s i n g l e  p h o t o - m u l t i p l i e r  t ime h i s t o r i e s  show a  broad 
band power spectrum ( s e e  Chapter 1 1 ) .  The s i g n a l s  could  e a s i l y  be 
r e s o l v e d  o u t  of t h e  p h o t o - m u l t i p l i e r  and flow n o i s e ,  a s  a p p a r e n t  from 
t h e  l a r g e  v a l u e s  of t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  a  z e r o  beam s e p a r a -  
t i o n .  The va lues  were a t  l e a s t  20 p e r c e n t ,  w h i l e  some even exceeded 
50 p e r c e n t  ( s e e  t a b l e  111.1). F u r t h e r ,  t h e  c o r r e l a t i o n  curves  were 
c o n s i s t e n t  and s t a b l e  w i t h  r e p e a t i n g  r u n s .  When t h e  s e p a r a t i o n  was 
i n c r e a s e d  t o  3.8 cm, t h e  v a l u e  of t h e  c o r r e l a t i o n  c o e f f i c i e n t  dropped 
below 1 0  p e r c e n t ,  and no u s a b l e  measurements were ob ta ined .  

A d d i t i o n a l  t e s t s  were made t o  s e p a r a t e  photo-chemical emiss ion  from 
h e a t  r a d i a t i o n  by s t u d y i n g  t h e  change of t h e  c r o s s - c o r r e l a t i o n  a s  a 
f u n c t i o n  o f  o p t i c a l  wave l e n g t h  [ I I I - 4 1 .  A l l  t h e s e  measurements were 
t aken  w i t h  i n t e r s e c t i n g  beams. 

The r e s u l t s  of t h i s  experiment showed d i s t i n c t  c o r r e l a t i o n  peaks 
when changing t h e  o p t i c a l  wave l e n g t h .  Th is  would n o t  have been pro-  
duced by h e a t  r a d i a t i o n .  Some of t h e s e  emiss ion peaks a r e  c e n t e r e d  
c l o s e  t o  o p t i c a l  wave l e n g t h s  t h a t  correspond t o  known emiss ion bounds 
f o r  a  C,H, - 0, f lame [ I I I - 5 1 .  These r e s u l t s  a r e  i l l u s t r a t e d  i n  Fig-  
u r e  111.4. This co inc idence  of t h e  peak p o s i t i o n s  i n  crossed-beam 
s p e c t r a  and pub l i shed  mean v a l u e  emiss ion s p e c t r a  g i v e s  a d d i t i o n a l  
con£ i r m a t i o n  t o  t h e  c l a i m  t h a t  l o c a l  emiss ion v a r i a t i o n s  have been 
r e t r i e v e d  . 

111-5. CONCLUSIONS AND RECOMMENDATIONS 

This  r e s e a r c h  has  demonstrated t h e  f e a s i b i l i t y  of t h e  use  of t h e  
cross-beam c o r r e l a t i o n  t echn ique  t o  s u c c e s s f u l l y  r e t r i e v e  b o t h  v e l o c i t y  
and s p e c t r o s c o p i c  in format ion  from a  combustion.  The n e x t  l o g i c a l  s t e p  
would b e  t o  a t t e m p t  s i m i l a r  s t u d i e s  i n  a n  a c t u a l  r o c k e t  plume. 



FIGURE 111.1. TURBULENT BLOB PROPAGATION I N  
A C,H, - 0, FLAME, 500 FRAMESISEC 
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FIGURE 111.3. VELOCITY CORRELATIONS 
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TABLE 111.1. DATA FOR OBSERVED PHOTO-CHEMICAL EMISSION 

IN A C2H2 - O2 FLAME 

WAVE L E N G T H  
A N G S T R O M S  

2/ c,, (01 cyy(0I 
GIA'( : r 2 0 

C O R R E L A T I O N  
C O E F F I C I E N T  

E M I S S I O N  
C O E F F l C  I E N T  
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CHAPTER I V  

TURBULENCE MEASUREMENTS BY THE CROSSED-BEAM TECHNIQUE 

M. Y.  Su 
Northrop - H u n t s v i l l e ,  Alabama 

and 

F. R. Krause 
NASA - M a r s h a l l  Space F l i g h t  Center  

An a n a l y t i c a l  r e l a t i o n s h i p  which approximates  t h e  p r o b a b i l i t y  
d e n s i t y  of wind component v a r i a t i o n s  th rough  t h e  c r o s s - c o r r e l a t i o n  of 
t h e  p a s s i v e  photometer o u t p u t s  o f  t h e  cross-beam d e t e c t i o n  sys tem is  
p r e s e n t e d .  S p e c i f i c a l l y ,  t h e  p r o b a b i l i t y  d e n s i t y  is  shown t o  b e  pro-  
p o r t i o n a l  t o  t h e  c r o s s - c o r r e l a t i o n  of t h e  f i r s t  t ime d e r i v a t i v e s  of t h e  
t ime h i s t o r i e s  of f l u c t u a t i n g  r a d i a t i o n  i n t e n s i t i e s  which a r e  moni tored 
by two n o n - p a r a l l e l  p h o t o d e t e c t o r s  . The d i r e c t i o n  of t h e  measured wind 
component i s  normal t o  b o t h  l i n e s - o f - s i g h t  of t h e  p h o t o d e t e c t o r s .  
S p e c i a l  d a t a  c o n d i t i o n i n g  and hand l ing  methods f o r  e v a l u a t i n g  t h e  c r o s s -  
c o r r e l a t i o n  of  t h e  s i g n a l  t ime  d e r i v a t i v e s  a r e  d e s c r i b e d ,  and t h e i r  
e f f e c t s  on t h e  c r o s s  - c o r r e l a t i o n  and cor respond ing  s p e c t r a l  d e n s i t i e s  
a r e  d i s c u s s e d  . The new a n a l y t i c a l  r e l a t i o r s h i p  and d a t a  h a n d l i n g  t e c h n i -  
ques were  a p p l i e d  t o  a c t u a l  a tmospher ic  crossed-beam f i e l d  t e s t  d a t a .  
The reduced o p t i c a l l y  and remote ly  d e t e c t e d  p r o b a b i l i t y  d e n s i t y  of wind 
component v a r i a t i o n s  was found t o  be  i n  r e a s o n a b l e  agreement w i t h  t h a t  
o b t a i n e d  by t h e  c o n v e n t i o n a l  anemometer r e a d i n g s .  T u r b u l e n t  i n t e n s i t y  
can be  e a s i l y  eva lua ted  once t h e  p r o b a b i l i t y  d e n s i t y  is  measured. The 
o p t i c a l  t e c h n i q u e  can  a l s o  b e  a p p l i e d  t o  o t h e r  h igh- tempera tu re ,  
chemica l ly  r e a c t i v e  o r  s u p e r s o n i c  t u r b u l e n t  f lows s u c h  a s  r o c k e t  e x h a u s t s  , 
j e t  plumes, and plasma i n  n u c l e a r  eng ines .  The f low f i e l d s  a s s o c i a t e d  
w i t h  t h e s e  problems s t i l l  d e f y  a c c u r a t e  measurements by o t h e r  p r e s e n t l y  
a v a i l a b l e  i n s  t rumenta t ion .  



NOMENCLATURE 
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bandwidth 

f a c t o r  r e p r e s e n t i n g  t h e  d e g r e e  of  decay w i t h  r e s p e c t  

t o  E 

f u n c t i o n  de f ined  by e q u a t i o n  ( 2 9 )  

f requency 

c u t o f f  f requency i n  a  low-pass f i l t e r  

lower  f requency  i n  a  t ime h i s t o r y  

t e r m i n a t e  f requency i n  a  low-pass f i l t e r  

upper f r equency  i n  a  t ime h i s t o r y  

g a i n  of s ( ~ ) ( E , ~ )  
AB 
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f requency  response  of t h e  Martin-Graham type  r o l l - o f f  
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f l u c t u a t i n g  component of photometer A ' s  o u t p u t  

f l u c t u a t i n g  component of photometer B ' s  o u t p u t  

i n t e g r a l  t ime s c a l e  of a tmospher ic  t u r b u l e n c e  

t o t a l  number of d i g i t a l  samples 

t o t a l  number of d i g i t a l  samples i n  m t h  c l a s s  



D e f i n i t i o n  

p r o b a b i l i t y  d e n s i t y  of t r a n s i t  t imes i n  mth c l a s s  

p r o b a b i l i t y  d e n s i t y  of wind component U 

c r o s s - c o r r e l a t i o n  of  iA and iB 

c r o s s - c o r r e l a t i o n  of samples from mth c l a s s  

c r o s s - c o r r e l a t i o n  of aiA/at and a ig /a t  

s p e c t r a l  d e n s i t y  of  R A, (5 ,  a)  

s p e c t r a l  d e n s i t y  of R ( ~ ) ( E ,  r) 
AB 

t o t a l  l e n g t h  of photometer o u t p u t  

l e n g t h  of each p i e c e  of  photometer o u t p u t  

t ime 

sampl ing i n t e r v a l  of d i g i t a l  t ime h i s  t o r y  

wind component normal t o  b o t h  l i g h t  beams 

mean wind component 

wind component a s s o c i a t e d  w i t h  mth c l a s s  

r e s o l u t i o n  i n  t h e  wind component U 

wind speed 

F o u r i e r  t r a n s f e r  of x ( t )  

k t h  sample  of mth c l a s s  of x ( t )  

common s i g n a l  i n  i A ( t )  

F o u r i e r  t r a n s  form of y  ( t  ) 

j t h  sample of  mth c l a s s  of y ( t )  

common s i g n a l  i n  i g ( t )  



D e f i n i t i o n  

Greek L e t t e r s  

E ( f  ,Nd) 

'1 

Operators  

measure of e r r o r  i n  t h e  f requency  response  f o r  us ing  
Nd samples 

a n g l e  between t h e  wind v e c t o r  and t h e  normal t o  b o t h  
l i g h t  beams 

normal s e p a r a t i o n  d i s  t a n c  e  between two beams 

normal s e p a r a t i o n  d i s t a n c e  between A and t h e  imaginary 
beam B" 

r o o t  mean s q u a r e  of t h e  wind component U 

t ime l a g  between iA and iB 

' 1 ( ) d t  p iecewise  a v e r a g e  o f  ( ) 
AT 

accumula t ive  average  over  m p iecewise  averages  

m 

i m ( &  1 my - TQ2r'2 conf idence  l e v e l  .of  
accumulat ion average  

i=l 

+Jm 

{& J d . ~  - - r e l a t i v e  s t a t i s t i c a l  - - 
0 e r r o r  of c o r r e l a t i o n  

*xm ym - J m  o r  c  ovar  i a n c  e  
f u n c t i o n s  . 



I V -  1. INTRODUCTION 

Remote o p t i c a l  d e t e c t i o n  t echn iques  a r e  being developed by t h e  
Marsha l l  Space F l i g h t  Cen te r  t o  p rov ide  a  means f o r  cont inuous  moni to r -  
ing  of a tmospher ic  wind and t u r b u l e n c e .  S u c c e s s f u l  d e t e c t i o n  of most 
p robab le  wind speed a t  an  a l t i t u d e  of abou t  100 mete r s  by t h e s e  t e c h n i -  
ques has been r e p o r t e d  [IV-1, -21. 

The c a p a b i l i t y  of t h e s e  t echn iques  has been extended t o  atmos- 
p h e r i c  t u r b u l e n c e  measurements by o p t i c a l l y  r e t r i e v i n g  t h e  p r o b a b i l i t y  
d e n s i t y  of wind component v a r i a t i o n s .  D i r e c t i o n  of t h e  wind component 
is normal t o  b o t h  l i n e s - o f - s i g h t  of t h e  photometers employed. The mean, 
r m s ,  and o t h e r  h i g h e r  moments of wind component v a r i a t i o n s  may b e  e a s i l y  
eva lua ted  from t h e  p r o b a b i l i t y  d e n s i t y .  P r e l i m i n a r y  r e s u l t s  on t h i s  
p r o g r e s s  w i t h  emphasis on t h e  s i g n a l l n o i s e  a n a l y s i s  and e l e c t r o - o p t i c a l  
sys tem were  r e p o r t e d  i n  r e f e r e n c e  IV-3. 

The o p t i c a l  t echn ique  e s s e n t i a l l y  c o n s i s t s  of two p h o t o d e t e c t o r s  t o  
moni tor  t h e  o p t i c a l  f l u c t u a t i o n s  of n a t u r a l  s c a t t e r e d  r a d i a t i o n s  which 
r e s u l t  from b o t h  s p a t i a l  and temporal  v a r i a t i o n s  of a tmospher ic  inhomo- 
g e n e i t i e s .  Each p h o t o d e t e c t o r  o u t p u t  w i l l  thus  c o n t a i n  t h e  i n f o r m a t i o n  
of t h e  a tmospher ic  inhomogenei t ies  a long  i t s  e n t i r e  f i e l d  of view. The 
c r o s s - c o r r e l a t i o n  of t h e s e  two photometer o u t p u t s  shou ld  r e v e a l  t h e  
c h a r a c t e r  is t i c s  of t h e  l o c a l  o p t i c a l  d i s t u r b a n c e  and a tmospher ic  mot ion 
which a r e  common t o  b o t h  f i e l d s  of view of t h e  two p h o t o d e t e c t o r s .  To 
have a n  optimum s p a t i a l  r e s o l u t i o n  t h e  two l i n e s - o f - s i g h t  of d e t e c t o r s  
shou ld  b e  s o  o r i e n t e d  t h a t  t h e y  a r e  normal (but  s e p a r a t e d )  t o  each o t h e r .  
This is  t h e  r e a s o n  f o r  c a l l i n g  t h i s  o p t i c a l  t echn ique  t h e  crossed-beam 
techn ique .  Because of t h e  v e r y  low s i g n a l - t o - n o i s e  r a t i o  a s s o c i a t e d  
w i t h  t h e  remote ly  d e t e c t e d  r a d i a t i o n  f l u c t u a t i o n s ,  s p e c i a l  d a t a  cond i -  
t i o n i n g  and p rocess ing  and s t a t i s t i c a l  a n a l y s e s  a r e  needed f o r  e v a l u a t i n g  
t h e  c r o s s - c o r r e l a t i o n  of t h e  photometer o u t p u t s  and t h e i r  t ime d e r i v a t i v e s .  

This paper p r e s e n t s  t h e  t h e o r e t i c a l  bas i s  f o r  o p t i c a l  approximat ions  
of t u r b u l e n c e  l e v e l s ,  t o g e t h e r  w i t h  t h e  n e c e s s a r y  a d d i t i o n a l  cons i d e r a -  
t i o n s  on d a t a  c o n d i t i o n i n g  and p rocess ing .  I n  s e c t i o n  IV-2, a  t h e o r e t -  
i c a l  r e l a t i o n s h i p  between t h e  c r o s s - c o r r e l a t i o n  o f  t h e  f i r s t - t i m e  
d e r i v a t i v e s  of t h e  photometer o u t p u t s  and t h e  p r o b a b i l i t y  d e n s i t y  of 
t h e  wind component v a r i a t i o n s  is  d e r i v e d .  This wind component is  normal 
t o  b o t h  l i n e s - o f - s i g h t  o f  t h e  photometers.  Use of t h e  t ime d e r i v a t i v e  
of t h e  photometer o u t p u t s  i n s t e a d  of t h e  o u t p u t s  themselves i s  one of 
t h e  e s s e n t i a l  f e a t u r e s  which d i f f e r  from t h e  p rev ious  crossed-beam 
d e t e c t i o n  of t h e  mos t p r o b a b l e  wind component. 

S e c t i o n  IV-3 d e s c r i b e s  t h e  s p e c i a l  d a t a  c o n d i t i o n i n g  and p r o c e s s i n g ,  
and d i s c u s s e s  t h e i r  e f f e c t  on t h e  c r o s s - c o r r e l a t i o n s  and cor responding  
s p e c t r a l  d e n s i t i e s .  These c o n s i d e r a t i o n s  a r e  v e r y  impor tan t  f o r  d e a l i n g  
w i t h  c r o s s - c o r r e l a t i n g  t ime d e r i v a t i v e s  of random t ime h i s t o r i e s .  



S e c t i o n  IV-4 p r e s e n t s  some exper imenta l  and computed r e s u l t s  from 
app ly ing  t h e  t h e o r e t i c a l  r e l a t i o n s h i p  and d a t a  hand l i n g  methods t o  atmos - 
p h e r i c  crossed-beam f i e l d  t e s t  d a t a .  The o p t i c a l l y  d e t e c t e d  p r o b a b i l i t y  
d e n s i t i e s  of  t h e  wind component v a r i a t i o n s  were  then  compared w i t h  t h o s e  
independen t ly  measured by t h e  c o n v e n t i o n a l  anemometers mounted on a  
c lose -by  m e t e o r o l o g i c a l  tower.  The minimum s e p a r a t i o n  of t h e  c r o s s e d -  
beam a r rangement  was s e t  d i r e c t l y  upst ream of  t h e  anemometer abou t  
60 mete r s  above t h e  ground. 

The a u t h o r s  w i s h  t o  thank t h e  f o l l o w i n g  pe r sons  f o r  t h e i r  c o n t r i b u -  
t i o n s  t o  t h i s  paper :  P r o f e s s o r  V. Sandborn, Colorado S t a t e  U n i v e r s i t y ,  
f o r  c a r r y i n g  o u t  t h e  a tmospher ic  crossed-beam f i e l d  t e s t s  ; Messrs . J .  
Jones  and R. Graham, Computation Labora to ry ,  MSFC, f o r  d i g i t i z a t i o n  o f  
t e s t  t a p e s ,  c r o s s - c o r r e l a t i o n  computat ion and t h e  program f o r  d i g i t a l  
f i l t e r i n g ;  M r .  J .  Pooley,  Northrop Corpora t ion ,  f o r  programming a n  
updated v e r s i o n  of t h e  e r r o r  accumula t ion  and s p e c t r a l  decomposi t ion 
s u b r o u t i n e s ;  and D r .  W. H. Heybey, MSFC, and D r .  L. N .  Wilson,  I ITRI ,  
f o r  t h e i r  v e r y  h e l p f u l  and c o n s t r u c t i v e  c r i t i c a l  reviews and comments 
on t h e  e x t e n s i o n  of t h e  c r o s s  ed-beam concep t  t o  t u r b u l e n c e  measurements.  

IV-2. PROBABILITY DENSITY OF 
W I N D  COMPONENT VARIATIONS FROM OPTICAL CORRELATION 

Wind speeds  and d i r e c t i o n s  v a r y ,  i n  g e n e r a l ,  f a i r l y  r a p i d l y .  To 
s p e c i f y  c o m p l e t e l y  t h e  s t a t i s t i c s  of  s u c h  wind c h a r a c t e r i s  t i c s ,  e i t h e r  
a n  i n f i n i t e  s e r i e s  of c o r r e l a t i o n  f u n c t i o n s  of a l l  o r d e r s  of wind f l u c -  
t u a t i o n s ,  o r  a n  i n £  i n i t e  s e r i e s  of a l l  o r d e r s  of p r o b a b i l i t y  d e n s i t i e s  
of wind f l u c t u a t i o n s  w i l l  b e  needed.  However, i n  u s u a l  m e t e o r o l o g i c a l  
a p p l i c a t i o n s ,  o n l y  l i m i t e d  q u a n t i t i e s  a r e  measured,  i . e . ,  t h e  f i r s t  few 
moments o f  t h e  wind f l u c t u a t i o n s  such  a s  t h e  mean wind speed ,  and t h e  
r m s  wind speed f l u c t u a t i o n s .  

When t h e  wind d i r e c t i o n  i s  c o n s t a n t  b u t  unknown, and t h e  speed i s  
va ry ing ,  i t  has  been shown [IV-4, -51 t h a t  b o t h  t h e  wind d i r e c t i o n  and 
speed can  b e  s i m u l t a n e o u s l y  measured by t h e  crossed-beam s y s  tem. When 
t h e  wind d i r e c t i o n  v a r i e s ,  o n l y  t h e  wind component normal t o  t h e  two 
l i n e s - o f - s i g h t  of d e t e c t o r s  can b e  measured. The r e a s o n  is  t h a t  t h e  
crossed-beam measurement g i v e s  t h e  t r a n s i t  t ime of  t h e  o p t i c a l  d i s t u r b -  
a n c e  between two beams on ly ,  w h i l e  t h e  l o c a t i o n  of t h e  t r a n s i t  p a t h  and 
i t s  l e n g t h  between two beams canno t  b e  determined u n l e s s  t h e  wind d i r e c -  
t i o n  remains  c o n s t a n t  over  t h e  pe r iod  of measurement ( s e e  F i g u r e  I V . l ) .  
F o r t u n a t e l y ,  t h e  f i x e d  p o s i t i o n  of  two l i g h t  beams g i v e s  a  un ique ly  
determined minimum s e p a r a t i o n  between two beams which i s  i n  t h e  d i r e c t i o n  
normal t o  b o t h  beams. Thus, t h e  combinat ion of t h e  measured t r a n s i t  t ime  
and t h e  s h o r t e s t  beam s e p a r a t i o n  always de te rmine  un ique ly  t h e  wind com- 
ponent  normal t o  b o t h  beams. S i n c e ,  i n  most  m e t e o r o l o g i c a l  c o n d i t i o n s ,  



t h e  wind d i r e c t i o n  does v a r y  i n  t h e  minimum r e q u i r e d  pe r iod  of c r o s s e d -  
beam measurements,  we s h a l l  d e a l  w i t h  t h i s  wind component th roughout  t h i s  
paper .  

The f i r s t - o r d e r  p r o b a b i l i t y  d e n s i t y  of t h e  wind component c a n  b e  
measured by t h e  crossed-beam system t o  a  h i g h  d e g r e e  of  approx imat ion .  
This approx imat ion  r e s u l t s  from some r e l a t i v e l y  weak assumpt ions  i n t r o -  
duced i n  o r d e r  t o  e s t a b l i s h  a n  e x p l i c i t  a n a l y t i c a l  r e l a t i o n s h i p  between 
t h e  c r o s s - c o r r e l a t i o n  of o p t i c a l  f l u c t u a t i o n s  and t h e  p r o b a b i l i t y  of wind 
component v a r i a t i o n s .  Also ,  because  of  t h e  v a r i a t i o n  of  t h e  wind d i r e c -  
t i o n ,  t h e  r e s o l u t i o n  of t h e  a l t i t u d e  of t h e  p r e v a i l i n g  wind w i l l  be  
q u e s t i o n a b l e  from one p a i r  of  c r o s s e d  beams. However, i f  more t h a n  two 
p a i r s  of  c r o s s e d  beams a r e  used ,  which a r e  s o  o r i e n t e d  t h a t  m u t u a l l y  
p e r p e n d i c u l a r  wind components a r e  t o  b e  measured, then  t h e  wind d i r e c t i o n  
can  be  approx imate ly  determined a l s o .  

The b a s i c  g e o m e t r i c a l  ar rangement  of  t h e  c r o s s  ed-beam s ys tem is 
shown i n  F i g u r e  I V .  1. The v a r i o u s  f i e l d s  of view of two ground-based 
photometers ,  A and B, a r e  o r i e n t e d  s o  t h a t  t h e i r  l i n e s - o f - s i g h t  d i f f e r  
by 180 d e g r e e s  i n  t h e  az imuth  a n g l e s .  Such a n  o r i e n t a t i o n  w i l l  g i v e  t h e  
wind component b o t h  h o r i z o n t a l  t o  t h e  ground and normal t o  b o t h  beams. 
The wind component w i l l  be  t h e  one used f o r  t h i s  d i s c u s s i o n ,  u n l e s s  
o t h e r w i s e  s p e c i f i e d .  

Atmospheric inhomogene i t i e s ,  s u c h  a s  t h e  v a r i a t i o n s  i n  d e n s i t y  of 
a e r o s o l ,  v a r i o u s  g a s e s  and w a t e r  vapor ,  w i l l  c a u s e  b o t h  s p a t i a l  and - 

temporal  v a r i a t i o n s  i n  r a d i a t i o n  p rocesses  . These r a d i a t i o n s  i n c l u d e  
l i g h t  s c a t t e r i n g ,  a b s o r p t i o n ,  and emiss ion.  Thus, t h e  c h a r a c t e r i s  t i c s  
of l o c a l  l i g h t  f l u c t u a t i o n s  should  r e f l e c t  t h e  c h a r a c t e r i s  t i c s  of t h e  
a tmospher ic  inhomogeneity ( o r  t u r b u l e n c e )  . The a tmospher ic  inhomogene- 
i t i e s  a r e  t r a n s p o r t e d  a c c o r d i n g  t o  t h e  g e n e r a l  r u l e s  of f l u i d  dynamics. 
The l i f e t i m e  of  t h e  a tmospher ic  inhomogeneity,  which is a  measure of 
t h e  a v e r a g e  t ime l a p s e  f o r  t h e  inhomogeneity t o  r e t a i n  i t s  c h a r a c t e r  
(o r  s i g n a t u r e ) ,  is  f i n i t e ;  s o  i s  t h e  l i f e t i m e  of t h e  o p t i c a l  f l u c t u a t i o n ,  
i f  t h e  l i g h t  s o u r c e  can  b e  c o n s i d e r e d  t o  b e  r e l a t i v e l y  c o n s t a n t .  The 
o p t i c a l  d e t e c t o r s  A and B thus  record  t h e  t ime h i s t o r i e s  of a c c u m u l a t i v e  
r a d i a t i o n  o u t p u t s  w i t h i n  t h e i r  e n t i r e  f i e l d  of view, r e s p e c t i v e l y .  F l u c -  
t u a t i o n s  of  t h e  photometer o u t p u t ,  i A ( t )  and i B ( t )  , t h e r e f o r e  c o n t a i n  
i n f o r m a t i o n  on t h e  a tmospher ic  motions a long  t h e  e n t i r e  l i n e - o f - s i g h t .  
The mean v a l u e  of  t h e  photometer o u t p u t s  i s  n o t  of concern  h e r e .  The 
f l u c t u a t i n g  p a r t  i s  s e p a r a t e d  from t h e  t o t a l  r e c o r d i n g  s i g n a l  by A . C . -  
c o u p l i n g  e l e c t r o n i c  c i r c u i t r y .  

When t h e  two beams a c t u a l l y  i n t e r s e c t  each o t h e r  a t  a  c e r t a i n  h e i g h t  
(F igure  I V . 2 ) ,  t h e  l o c a l  o p t i c a l  f l u c t u a t i o n s  r a d i a t i n g  from t h e  i n t e r -  
s e c t i o n  r e g i o n  w i l l  r e s u l t  i n  some common s i g n a l s  i n  t h e  o u t p u t s  of t h e  
d e t e c t o r s .  The common s i g n a l s  may n o t  b e  e x a c t l y  t h e  same, b u t  they  a r e  



r e l a t e d ,  s o  t h a t  t h e  photometer o u t p u t s  may b e  expressed  a s  

i ( t )  = x ( t )  + i ( t )  
A A,n 

i ( t )  = y ( t )  + i ( t ) .  
B B,n 

Here,  x ( t )  and y ( t )  a r e  t h e  common s i g n a l s  mentioned above,  w h i l e  iA .( t )  
and i g , n ( t )  a r e  l i g h t  f l u c t u a t i o n s  o u t s i d e  t h e  i n t e r s e c t i o n  r e g i o n .  ' ~ n  
c o n t r a s t  t o  d e s i r e d  common s i g n a l s ,  t h e y  w i l l  be  c a l l e d  n o i s e s  due t o  
t r a n s m i s s i o n ,  o r  f low n o i s e s .  By t h e  n a t u r e  of t h e  a tmospher ic  inhomo- 
g e n e i t i e s ,  a l l  t h e  terms i n  equa t ion  (1)  a r e  random t ime h i s t o r i e s .  The 
most powerful  method a v a i l a b l e  t o  r e t r i e v e  s u c h  common s i g n a l s  is t h e  
c o r r e l a t i o n  t e c h n i q u e ,  which is commonly used i n  t h e  communication t h e o r y  
and random v i b r a t i o n  a n a l y s i s .  A c o r r e l a t i o n  f u n c t i o n  is computed by 
adding t h e  p roduc t s  of  two t ime h i s t o r i e s ,  i~ and iB. That i s ,  

R ( z )  = <i ( t ) i  ( t + z ) >  l i m  
AB A B $1 i A ( t )  i B ( t + z )  d t .  

T-tw 
0 

S u b s t i t u t i n g  e q u a t i o n  (1)  i n t o  ( 2 )  y i e l d s  

+ i ( t )  i B , n ( t + i ) >  . 
A,  n  

The f i r s t  t e r m - i n  t h e  r igh t -hand  s i d e  of t h e  above e q u a t i o n  i s  t h e  c r o s s -  
c o r r e l a t i o n  between two common s i g n a l s .  The o t h e r  t h r e e  terms a r e  t h e  
c r o s s - c o r r e l a t i o n  among s t a t i s t i c a l l y  u n r e l a t e d  l i g h t  f l u c t u a t i o n s ;  t h u s ,  
they  w i l l  v a n i s h  i f  t h e  i n t e g r a t i o n  t ime T  is long enough. That i s ,  t h e  
t ime i n t e g r a t i o n  w i l l  s u p p r e s s  "noise"  components. I n  a c t u a l  a p p l i c a -  
t i o n ,  t h e  i n t e g r a t i o n  t ime T  is always f i n i t e .  The u n c e r t a i n t y  ( o r  e r r o r )  
due t o  t h i s  f i n i t e  T w i l l  b e  d i s c u s s e d  f u r t h e r  i n  s e c t i o n  V. For a  s u f -  
f i c i e n t l y  long  i n t e g r a t i o n  t ime,  which is a l s o  t h e  l e n g t h  of t h e  t ime 
h i s t o r i e s  , e q u a t i o n  (3)  can be  w r i t t e n  approx imate ly  a s  



This means t h a t  a s  long a s  one d e a l s  w i t h  such product  mean v a l u e s ,  one 
can d i s r e g a r d  a l l  l i g h t  modulat ions  t h a t  a r e  n o t  common t o  b o t h  f i e l d s  
of view of t h e  two d e t e c t o r s  [ I V - 6 1 .  

To measure t h e  wind component t h e  two beams have t o  be  s e p a r a t e d .  
The s h o r t e s t  s e p a r a t i o n  d i s t a n c e  i s  denoted by 5 .  The common s i g n a l s  
i n  t h e  two d e t e c t o r s  now a r e  caused by t h e  convected a tmospher ic  inhomo- 
g e n e i t i e s  which happen t o  t r a v e r s e  b o t h  l i g h t  beams. The t ime  l a p s e  
which a n  inhomogeneity t a k e s  t o  t r a v e l  from one beam, s a y  A ,  t o  t h e  
o t h e r  beam, B y  w i l l  be c a l l e d  t h e  " t r a n s i t  time." The d i s t a n c e  between 
t h e  two beams of t h e  t r a v e r s i n g  p a t h  CI) w i l l  be c a l l e d  t h e  " t r a n s i t  
d i s t a n c e . "  Assoc ia ted  w i t h  t h e  t r a n s  i t  pa th  is t h e  t r a n s i t  h e i g h t ,  
which is t h e  a l t i t u d e  of t h e  t r a n s i t  p a t h  above t h e  ground ( s e e  Fig- 
u r e  I V . l ) .  When t h e  wind speed ,  V,  and d i r e c t i o n ,  8, a r e  f i x e d ,  t h e  
a s s o c i a t e d  t r a n s i t  t ime can b e  ob ta ined  from t h e  c r o s s - c o r r e l a t i o n  
c u r v e  (equa t ion  (4 ) ) .  It is  t h e  t ime l a g  a s s o c i a t e d  w i t h  t h e  maximum 
v a l u e  (o r  peak) of R A ~ ( T ) ,  denoted by ~ ~ ~ ~ k .  On t h e  o t h e r  hand, t h e  
t r a n s  i t  d i s t a n c e  cannot  be determined u n l e s s  t h e  wind d i r e c t i o n  is 
known. Without knowing t h e  wind d i r e c t i o n ,  t h e  b e s t  one can deduce is 
t h e  component of t h e  t r a n s i t  d i s t a n c e  i n  t h e  d i r e c t i o n  normal t o  b o t h  
l i g h t  beams, which is s imply  t h e  s h o r t e s t  d i s t a n c e  5. Thus, t h e  
r e l a t i o n s h i p  between t h e  wind component U and t h e  t ime l a g  ~ ~ ~ ~ k  from 
t h e  c r o s s  ed-beam measurement is 

- 
CD 

U = V c o s  e = -  cos @ = 
~ / C O S  8 cos 0 

7 peak Tp eak 

E; u = -  
T 

(5 
peak 

Here,  t h e  d i s t a n c e  E; i s  f i x e d  by t h e  crossed-beam arrangement ,  which is 
comple te ly  known. Hence, e q u a t i o n  (5) a l lows  us t o  measure t h e  wind 
component through t h e  remote d e t e c t i o n  of t h e  o p t i c a l  f l u c t u a t i o n s  and 
t h e  c r o s s - c o r r e l a t i o n  of t h e s e  f l u c t u a t i o n s  i f  t h e  wind speed and d i r e c -  
t i o n  remain c o n s t a n t .  

The more r e a l i s t i c  m e t e o r o l o g i c a l  s i t u a t i o n s  a r e  t h o s e  where t h e  
wind speed and d i r e c t i o n  b o t h  change w i t h  t ime. Under such  s i t u a t i o n s ,  
t h e  maximum informat ion  t h a t  can be r e t r i e v e d  from t h e  c r o s s - c o r r e l a -  
t i o n  of t h e  o p t i c a l  f l u c t u a t i o n s  i s  t h e  f i r s  t - o r d e r  p r o b a b i l i t y  d e n s i t y  
of t h e  wind component v a r i a t i o n s .  



We s h a l l  now d e r i v e  t h e  r e l a t i o n s h i p  of t h e  c r o s s - c o r r e l a t i o n  of 
c r o s s  ed-beam s i g n a l s  t o  t h e  p r o b a b i l i t y  d e n s i t y  of t h e  wind component 
v a r i a t i o n s .  As d i s c u s s e d  above,  a l l  t h e  n o i s e  components i n  t h e  two 
photometer o u t p u t s  i A ( t )  and i B ( t )  w i l l  be suppressed  through c r o s s -  
c o r r e l a t i o n .  We need o n l y  t o  cons ider  t h e  two t ime h i s t o r i e s  of com- 
mon ( d e s i r e d )  s i g n a l s ,  x ( t )  and y ( t ) ,  w i t h o u t  l o s s  of g e n e r a l i t y .  Le t  
t h e  t ime  h i s t o r i e s  of l e n g t h  T  be d i g i t i z e d  w i t h  a sampling i n t e r v a l ,  
At. The t o t a l  number of d i g i t a l  samples f o r  e i t h e r  t ime h i s t o r y  w i l l  
be denoted by N: 

These d i g i t a l  samples and d i g i t a l  t ime l a g s  w i l l  be denoted a s  fo l lows :  

Yn = y ( t  = n n t )  

and 

where n  = 1 , 2 ,  ..., N and Q = 0 , 1 , 2 ,  ..., L  << N. 

S ince  t h e  wind component may v a r y  over  t h e  pe r iod  of measurement, 
T, t h e  a s s o c i a t e d  t r a n s i t  t ime may a l s o  v a r y  cor responding ly .  Without 
l o s s  of g e n e r a l i t y ,  we s h a l l  assume t h a t  t h e  beam A l i e s  i n  t h e  upst ream 
of beam B .  Each d i g i t a l  sample xn w i l l  then have a  corresponding d i g i t a l  
sample yn+$. They a r e  a t t r i b u t e d  t o  t h e  same a tmospher ic  inhomogeneity 
which t akes  t h e  t ime l a g  - c j  = A t  t o  t r a v e l  from some p o i n t  i n  beam A 
t o  a n o t h e r  p o i n t  i n  beam B.  The t r a n s i t  pa th  between t h e s e  two p o i n t s  
is n o t  n e c e s s a r i l y  s t r a i g h t .  It can be  of any shape .  The cor responding  
wind component normal t o  b o t h  beams is t/-ca. The c r o s s - c o r r e l a t i o n  
(equa t ion  (4))  can now be  w r i t t e n  i n  t h e  summation form a s  

It should b e  noted t h a t  t h e  v a l u e  of t h e  summation i s  i n v a r i a n t  under 
any d i f f e r e n t  ways of grouping t h e  terms x y i n  t h e  summation, For 

n  n+Q 



t h e  purpose  of r e t r i e v i n g  v a r i a t i o n s  of t h e  wind component, t h e  d i g i t a l  
samples xn may be  c l a s s i f i e d  w i t h  r e s p e c t  t o  t h e i r  a s s o c i a t e d  t r a n s i t  
t i m e s .  L e t  t h e  c l a s s  i n t e r v a l  f o r  t r a n s i t  t imes be  t h e  same a s  t h e  
sampl ing i n t e r v a l  At .  The mth c l a s s  of t r a n s i t  t i m e s ,  denoted by -rm, 
w i l l  be  d e f i n e d  a s  

7 m' . m A t  5 - c m <  fm+l) At ,  

where m = 0 , 1 , 2 ,  . . . , M .  M is  any i n t e g e r  t h a t  is l a r g e  enouth  t o  cover  
a l l  p o s s i b l e  t r a n s i t  t imes  of i n t e r e s t .  The cor respond ing  mth c l a s s  of 
wind components denoted by Um w i l l  be  

Now group t h o s e  d i g i t a l  samples xn accord ing  t o  t h e  c l a s s  i f  i c a t i o n  of 
e q u a t i o n  (8 ) .  F u r t h e r ,  d e n o t e  t h e  k t h  sample i n  t h e  mth c l a s s  i n  t h e  
ascend ing  o r d e r  of t ime by 

Xmk 
= x ( t  = mlc A t )  

and t h e  t o t a l  number of d i g i t a l  samples belonging t o  t h i s  c l a s s  by Nm. 
Thus, 

The p r o b a b i l i t y  d e n s i t y  of  t r a n s i t  t imes of t h e  mth c l a s s  over  t h e  pe r iod  
T  of measurement can be  expressed  a s  



The cor respond ing  p r o b a b i l i t y  d e n s i t y  of t h e  wind components P(Um) can 
be ob ta ined  from t h e  above p r o b a b i l i t y  d e n s i t y  by a  t r a n s f o r m a t i o n  of 
v a r i a b l e s  from t h e  t r a n s i t  t ime t o  t h e  wind component. 

With t h e  above c l a s s i f i c a t i o n  of d i g i t a l  samples and d e f i n i t i o n s  of t h e  
p r o b a b i l i t y  d e n s i t y ,  t h e  c r o s s - c o r r e l a t i o n  of t h e  o p t i c a l  f l u c t u a t i o n s  
from t h e  photometers can b e  expressed  as 

L e t  us d e f i n e  t h e  term i n  t h e  p a r e n t h e s e s  by 

By s u b s t i t u t i n g  e q u a t i o n s  (12) and ( 1 5 ) ,  e q u a t i o n  (14) can  be  w r i t t e n  a s  

RAB(E,yR) = f 'rn P m  5 ,  A m  w i t h  AT m = AT) .  (16) 



C l e a r l y ,  t h e  f u n c t i o n  Rm(k, TQ) r e p r e s e n t s  t h e  c r o s s - c o r r e l a t i o n  of  t h e  
mth c l a s s  of d i g i t a l  samples .  Equa t ion  (16) s imply  s t a t e s  t h a t  t h e  t o t a l  
c r o s s - c o r r e l a t i o n  RAB(E;,za) is  e q u a l  t o  t h e  sum of M + 1 c r o s s - c o r r e l a -  
t i o n  of each i n d i v i d u a l  c l a s s  o f  samples w i t h  t h e  a s s o c i a t e d  p r o b a b i l i t y  
d e n s i t y  of t r a n s i t  t imes  d u r i n g  measurement T a s  a  w e i g h t i n g  f a c t o r .  

I n  a l m o s t  a l l  a c t u a l  a p p l i c a t i o n s ,  b o t h  f u n c t i o n s  P(5,.tm) and 
G ( 5 ,  T ~ )  can  be  assumed t o  be  con t inuous  w i t h  r e s p e c t  t o  T ~ ;  t h u s ,  t h e  
above summation can be  w r i t t e n  i n  t h e  i n t e g r a l  form a s  t h e  increment  
n-c, becomes v e r y  s m a l l  ( i . e . ,  ATm -+ 0 ) .  

S t r i c t l y  speak ing ,  t h i s  l i m i t i n g  p rocess  Azm 4 0  c a n n o t  b e  a p p l i e d ,  
s i n c e  t h i s  would r e q u i r e  t h e  knowledge of t h e  i n f i n i t e s i m a l  wind com- 
ponent f l u c t u a t i o n s .  It i s  known t h a t  t h e  h i g h e s t  wind f l u c t u a t i o n  
measurab le  by t h e  crossed-beam t e c h n i q u e  i s  d i c t a t e d  by t h e  beam 
s e p a r a t i o n  d i s t a n c e  5 and t h e  maximum p r e v a i l i n g  wind component. 
S p e c i f i c a l l y ,  t h e  h i g h e s t  r e s o l u t i o n  i n  t h e  wind component i s  g i v e n  
by 

where Tmax is  t h e  maximum time l a g  used i n  RAB. Th i s  is  t h e  lowes t  
p o s s i b l e  wind component which c a n  be measured by t h e  crossed-beam 
system,  i . e . ,  

min(u)  = AU = -L z  , 
max 

The h i g h e s t  f requency f l u c t u a t i o n  of t h e  wind component is  g i v e n  by 

U 
max 

max (f ) = - , 
u  2 7 t 5  



where Umax i s  t h e  maximum p o s s i b l e  wind component i n  t h a t  p a r t i c u l a r  
measurement under cons i d e r a t i o n .  However, we a p p l i e d  t h e  1 i m i t i n g  
p rocess  i n  t h e  s e n s e  of numerical  equ iva lence  between e q u a t i o n s  (16)  
and ( 1 7 ) ,  which o f f e r s  a  h i g h  degree  of approx imat ion .  Equat ion (17) 
is a n  i n t e g r a l  e q u a t i o n  f o r  t h e  d e s i r e d  (unknown) p r o b a b i l i t y  d e n s i t y  
of  t r a n s i t  t imes .  The s i m p l e s t  p o s s i b l e  way t o  s o l v e  f o r  P (k ,zm)  i s  
t o  uncouple i n t e r a c t i o n s  between P(E,'c,) and Rm(k, zR)  s o  t h a t  t h e  
p r o b a b i l i t y  d e n s i t y  can  b e  expressed i n  terms of t h e  e x p e r i m e n t a l l y  
a c c e s s i b l e  c r o s s - c o r r e l a t i o n .  The d e s i r e d  uncoupl ing is f e a s i b l e  w i t h  
s u i t a b l e  d a t a  c o n d i t i o n i n g  on t h e  photometer o u t p u t s  under some r e l a -  
t i v e l y  weak assumpt ions  r e g a r d i n g  a tmospher ic  t u r b u l e n c e  and wind 
c h a r a c t e r i s  t i c s .  Th i s  w i l l  now be d i s c u s s e d .  

We s h a l l  f i r s t  make a n  assumpt ion ( I )  t h a t  samples i n  each c l a s s  
w i l l  decay by t h e  same amount i n  t h e i r  t u r b u l e n t  c h a r a c t e r i s t i c s  over  
t h e  same beam s e p a r a t i o n  and t h a t  t h e  r a t e  of decay may d i f f e r  i n  d i f -  
f e r e n t  c l a s s e s  of samples .  According t o  Bachelor  [IV-71, t h e  decay of 
r e l a t i v e  t u r b u l e n t  ene rgy ,  which i s  d e f i n e d  a s  t h e  r a t i o  of t h e  mean 
s q u a r e  of speed f l u c t u a t i o n s  t o  t h e  s q u a r e  of t h e  mean s p e e d ,  i s  l i n e a r l y  
p r o p o r t i o n a l  t o  t h e  t r a n s  i t  d i s t a n c e .  The t u r b u l e n t  f l u c t u a t i o n  i n  t h e  
photometer o u t p u t s  i s  a  mixed outcome of f l u c t u a t i o n s  bo th  i n  t h e  f low 
speed and t h e  e x t i n c t i o n  c o e f f i c i e n t  of t h e  f low medium. N e v e r t h e l e s s ,  
t h e  assumpt ion  would b e  a t  l e a s t  t h e  f i r s t  o r d e r  approx imat ion  f o r  a  
t r a n s i t  d i s t a n c e  of t h e  o r d e r  of s e v e r a l  i n t e g r a l  l e n g t h  s c a l e s  o f  
a tmospher ic  inhomogene i t i e s  . The second assumpt ion (11) is t h a t  t h e  
number of  samples i n  each c l a s s ,  which i s  c l a s s i f i e d  a t  t h e  upst ream 
beam A ,  is  t h e  same i f  t h e  c l a s s i f i c a t i o n  were  made a t  t h e  downstream 
beam B. Th i s  a s sumpt ion  is r e a l l y  a  r e s t r i c t i o n  which excludes  t h e  
c o n s i d e r a t i o n  of wind component f l u c t u a t i o n s  w i t h  f requency  h i g h e r  than  
max [ f U ]  ( s e e  e q u a t i o n  ( 2 0 ) ) .  By us ing  t h e s e  two assumpt ions ,  t h e  c r o s s -  
c o r r e l a t i o n  of mth c l a s s  of samples ( e q u a t i o n  (18) )  c a n  b e  r e w r i t t e n  a s  

where D(k) is a  f a c t o r  r e p r e s e n t i n g  decay of t u r b u l e n c e  w i t h  r e s p e c t  t o  
t h e  s e p a r a t i o n  d i s t a n c e ,  w h i l e  t h e  space- t ime  c r o s s - c o r r e l a t i o n  % ( ~ , T Q )  
is  r e p l a c e d  by a n  e q u i v a l e n t  s p a t i a l  c r o s s - c o r r e l a t i o n  R(k>k,O) w i t h  
imaginary t r a n s l a t i o n  of t h e  downstream beam B c l o s e r  t o  t h e  upst ream 
beam A by t h e  amount of Umz f o r  compensating t h e  c o n v e c t i v e  motion of 
t h e  a tmospher ic  inhomogeneity ( s e e  F i g u r e  I V .  3 ) .  



Next; s u b s t i t u t i n g  t h e  approximate  r e l a t i o n s h i p  ( e q u a t i o n  ( 2 2 ) )  i n t o  
e q u a t i o n  (17) y i e l d s  

What has  been accomplished i n  t h e  above e q u a t i o n  compared w i t h  t h e  equa- 
t i o n  (17) i s  t h a t  t h e  dependence of t h e  f u n c t i o n a l  form of  Rm has  been 
e l i m i n a t e d  from t h e  i n t e g r a n d .  However, P ( t , z m )  and R ( ~ " , o )  is  s t i l l  
coup led .  It should  be  noted t h a t  t h e  s p a t i a l  c r o s s - c o r r e l a t i o n  R ( ~ * , o )  
r e a c h e s  i t s  maximum v a l u e  f o r  5k = 0 ,  i. e . ,  when t h e  imaginary  beam B* 
i n t e r s e c t s  beam A. A c e r t a i n  c o r r e l a t i o n  w i l l  p e r s i s t  f o r  0 < tik, b u t  
w i l l  be s m a l l e r  t h a n  t h e  s c a l e  of  t h e  a tmospher ic  inhomogene i t i e s  common 
t o  b o t h  l i g h t  beams. I n  o t h e r  words,  a  c e r t a i n  c o r r e l a t i o n  e x i s t s  i f  

is l e s s  than  t h e  t ime  l a p s e  f o r  t h e  a tmospher ic  inhomogeneity t r a v e r s i n g  
i t s  own l e n g t h .  This t ime  l a p s e  i s  u s u a l l y  d e f i n e d  by 

which i s  normal ly  c a l l e d  t h e  i n t e g r a l  t ime s c a l e  of t h e  a tmospher ic  
inhomogeneity,  For  t h e  t ime  be ing ,  we s h a l l  i n t r o d u c e  a  t h i r d  assump- 
t i o n  (111) t h a t  t h e  i n t e g r a l  t ime  s c a l e  is  much s m a l l e r  than  t h e  h a l f -  
w i d t h  o f  t h e  p r o b a b i l i t y  d e n s i t y  of t h e  t r a n s i t  t ime  f l u c t u a t i o n s  ( s e e  
F i g u r e  I V . 4 ) .  That  i s ,  

where T~ and T Z  a r e  t h e  two t r a n s i t  t imes  such  t h a t  



The j u s t i f i c a t i o n  of t h i s  assumpt ion w i l l  be d i s c u s s e d  a f t e r  e q u a t i o n  
(36) .  But l e t  us examine f i r s t  how t h i s  assumpt ion w i l l  a f f e c t  e q u a t i o n  
( 2 3 ) .  This  assumpt ion e s s e n t i a l l y  impl ies  t h a t  t h e  s p a t i a l  c r o s s - c o r r e -  
l a t i o n  ~ ( 5 ~ : )  behaves l i k e  a  Di rac  d e l t a  f u n c t i o n .  The e q u a t i o n  (23) can  
be  approx imate ly  w r i t t e n  as 

Changing t h e  v a r i a b l e  i n  t h e  i n t e g r a t i o n  from T~ t o  5* y i e l d s  

where 

Thus, t h e  p r o b a b i l i t y  d e n s i t y  of t r a n s i t  t imes  can  b e  w r i t t e n  a s  

The dependence on t h e  f a c t o r  E(5) can b e  f u r t h e r  e l i m i n a t e d  by normal iza -  
t i o n ,  s i n c e  i t  is  independent  of t h e  t r a n s i t  t ime .  That  i s ,  



The normal ized p r o b a b i l i t y  d e n s i t y  of t r a n s i t  t imes c a n  b e  approximated 
by t h e  measurable  c r o s s - c o r r e l a t i o n  of two photometer o u t p u t s .  Physi -  
c a l l y ,  it w i l l  be  more u s e f u l  t o  have t h e  p r o b a b i l i t y  d e n s i t y  o f  wind 
component v a r i a t i o n s .  Th i s  c a n  b e  accomplished by t r ans fo rming  t h e  
v a r i a b l e  from t h e  t r a n s i t  t ime s~ t o  t h e  wind component U th rough  t h e  
f o l l o w i n g  r e l a t i o n s h i p :  

The normal ized p r o b a b i l i t y  d e n s i t y  of wind components (normal t o  b o t h  
l i g h t  beams) P(U) can b e  approximated by us ing  e q u a t i o n  (30) .  

Again,  by a p p l y i n g  t h e  n o r m a l i z a t i o n  procedure  t o  t h e  above e x p r e s s i o n ,  
we o b t a i n  

A l t e r n a t i v e l y ,  one may a p p l y  t h e  c h a r a c t e r i s t i c s  of t h e  p r o b a b i l i t y  
d e n s i t y ,  i . e . ,  



t o  e q u a t i o n  ( 3 0 ) ,  and then  s u b s t i t u t e  i n  equa t ion  (33) :  

This  i m p l i e s  t h a t  t h e  p r o b a b i l i t y  d e n s i t y  of wind components normal t o  
b o t h  l i g h t  beams can  b e  approximated by t h e  measurab le  c r o s s - c o r r e l a t i o n  
of  photometer o u t p u t s .  The above o p t i c a l  approx imat ion  is  v a l i d  under 
t h e  t h r e e  assumpt ions  made which a r e  summarized a s  f o l l o w s :  

(I) Samples of  commonopt ica l  f l u c t u a t i o n s  i n  e a c h c l a s s  w i t h  
t h e  same t r a n s  i t  t ime w i l l  decay by t h e  same amount i n  
t h e i r  t u r b u l e n t  c h a r a c t e r  i s  t i c s  over  t h e  same beam 
s e p a r a t i o n .  

(11) The number of samples i n  each  c l a s s ,  which i s  c l a s s i f i e d  
a t  t h e  upst ream beam, is  t h e  same i f  t h e  c l a s s i f i c a t i o n  
were  made a t  t h e  downstream beam. 

(111) The temporal  i n t e g r a l  s c a l e  of a tmospher ic  inhomogenei t ies  
i s  much s h o r t e r  than  t h e  h a l f - w i d t h  of t h e  p r o b a b i l i t y  
dens  i t y  of  t h e  t r a n s  i t  t imes . 

The f i r s t  two assumpt ions  a r e  f a i r l y  r e a l i s  t i c  approx imat ions  f o r  atmos- 
p h e r i c  t u r b u l e n c e ,  provided t h e  t r a n s i t  d i s t a n c e  does n o t  exceed a b o u t  
200 mete r s  o r  t h e  t r a n s i t  t ime does no t  exceed abou t  20 seconds .  On t h e  
o t h e r  hand, t h e  t h i r d  assumpt ion is u s u a l l y  n o t  met i n  t h e  a tmosphere .  
The i n t e g r a l  l e n g t h  s c a l e  of  a tmospher ic  inhomogeneity i s  between 10  t o  
100 mete r s  long i n  t h e  a tmosphere  [IV-81. However, a  s h o r t e r  o p t i c a l  
d i s t u r b a n c e  may b e  expected i f  we c r o s s - c o r r e l a t e  the  f i r s t  t ime d e r i v a -  
t i v e s  a x ( t ) / a t  and a y ( t ) / & t  of t h e  common s i g n a l s  x ( t )  and y ( t )  i n s t e a d  
of  t h e  common s i g n a l s  themselves .  S i n c e  we s h a l l  employ t h e  c r o s s - c o r r e -  
l a t i o n  t echn ique ,  t h e s e  two t ime d e r i v a t i v e s  c a n  be  s imply  r e p l a c e d  by 
t h e  t ime  d e r i v a t i v e s  of  t h e  photometer o u t p u t s  a i A ( t ) / a t  and a i B ( t ) / a t .  
P h y s i c a l l y ,  t h e  i n t e g r a l  l e n g t h  s c a l e  of t h e  t ime d e r i v a t i v e s  is t h e  
s o - c a l l e d  m i c r o s c a l e  of o p t i c a l  d i s t u r b a n c e  [IV-91. This  m i c r o s c a l e  is  
u s u a l l y  a t  l e a s t  one o r d e r  s h o r t e r  than  t h e  a v e r a g e  i n t e g r a l  s c a l e .  
Mathemat ica l ly ,  t h e  t ime  d e r i v a t i v e  i s  t h e  t ime  r a t e  of  change of o p t i c a l  
d i s t u r b a n c e ;  t h u s ,  s i g n i f i c a n t  v a l u e s  of t h e  d e r i v a t i v e  may b e  expected 
on ly  when a l a r g e  change i n  t h e  o p t i c a l  d i s t u r b a n c e  o c c u r s .  H e u r i s t i c a l l y ,  
i f  one may s imply  v i s u a l i z e  a n  a tmospher ic  t u r b u l e n t  eddy a s  a n  e longa ted  



body w i t h  i t s  major a x i s  a long  t h e  f low d i r e c t i o n ,  then  t h e  t ime  d e r i v a -  
t i v e  w i l l  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s l o p e  of t h e  eddy. T h e r e f o r e ,  
o n l y  when t h e  l e a d i n g  o r  t r a i l i n g  edge of t h e  eddy p a s s e s  th rough  t h e  
l i g h t  beam may a  s i g n i f i c a n t  o p t i c a l  f l u c t u a t i o n  occur .  T h e r e f o r e ,  t h e  
u n r e a l i s t i c  assumpt ion (111) can now b e  rep laced  by t h e  fo l lowing  r e a l -  
i s t i c  assumpt ion (111-A), i f  t h e  t ime  d e r i v a t i v e s  of t h e  photometer  o u t -  
p u t s  a r e  used t o  e v a l u a t e  t h e  c r o s s - c o r r e l a t i o n .  

(111-A) The temporal  m i c r o s c a l e  of a tmospher ic  inhomogene i t i e s  
i s  much s m a l l e r  t h a n  t h e  h a l f - w i d t h  of t h e  p r o b a b i l i t y  
d e n s i t y  of t h e  t r a n s i t  t imes .  

With t h i s  c o n s i d e r a t i o n ,  e q u a t i o n s  (34) and (36) shou ld  then  assume 
t h e  f o l l o w i n g  forms: 

and 

where 

For s t a t i s t i c a l  s t a t i o n a r y  p r o c e s s e s ,  t h e  above express  i o n  i s  e q u i v a l e n t  
t o  t h e  n e g a t i v e  of t h e  second d e r i v a t i v e  of t h e  c r o s s - c o r r e l a t i o n ;  i. e . ,  



Once t h e  p r o b a b i l i t y  d e n s i t y  of t h e  wind component v a r i a t i o n s  is ob ta ined  
from t h e  c r o s s - c o r r e l a t i o n  of t h e  t ime d e r i v a t i v e s  of photometer s i g n a l s ,  
a l l  t h e  c e n t r a l  moments of  t h e  wind component v a r i a t i o n s  c a n  be e a s i l y  
c a l c u l a t e d .  The two most impor tan t  moments a r e  t h e  mean wind component, 

and t h e  mean s q u a r e  v a l u e  (o r  v a r i a n c e )  of t h e  wind component v a r i a t i o n s ,  

The r a t i o  of t h e  root-mean-square v a l u e  t o  t h e  mean wind component 
(0 /D) is  a  common measure of a tmospher ic  t u r b u l e n t  i n t e n s i t y .  u  

IV-3. DATA CONDITIONING AND PROCESSING METHODS 

It was shown i n  t h e  l a s t  s e c t i o n  t h a t  t h e  t ime  d e r i v a t i v e s  of  photom- 
e t e r  o u t p u t s  a r e  needed f o r  e v a l u a t i n g  c r o s s - c o r r e l a t i o n  i n  o r d e r  t o  
r e t r i e v e  remote ly  t h e  p r o b a b i l i t y  d e n s i t y  of wind component v a r i a t i o n s .  
For s t a t i o n a r y  a tmospher ic  c o n d i t i o n s ,  t h i s  w i l l  be  e q u i v a l e n t  t o  r e q u i r e  
e v a l u a t i n g  t h e  second d e r i v a t i v e  of t h e  c r o s s - c o r r e l a t i o n  of t h e  photom- 
e t e r  o u t p u t s  themselves .  The a tmospher ic  phenomena a r e  known t o  b e  
i n t r i n s i c a l l y  nons t a t i o n a r y ,  b u t  f o r  q u a l i t a t i v e  unders tand ing  of t h e  
problems involved i n  t h e  d a t a  c o n d i t i o n i n g  and h a n d l i n g ,  we would assume 
f o r  t h e  moment t h a t  t h e  t ime  h i s t o r i e s  of photometer o u t p u t s  a r e  s t a t i o n a r y .  
Under t h i s  assumpt ion,  e q u a t i o n  (40) h o l d s .  Taking t h e  F o u r i e r  i n t e g r a l  
t r a n s f o r m  of  t h e  e q u a t i o n  y i e l d s  

where 



and 

Here ,  SAB(k,f )  is t h e  c r o s s - s p e c t r a l  d e n s i t y  of t h e  photometer o u t p u t s ,  

w h i l e  S(2) ( e , f )  i s  t h e  c r o s s - s p e c t r a l  d e n s i t y  of t h e  f i r s t  t ime d e r i v a -  
AB 

t i v e s  of t h e  photometer o u t p u t s .  These two s p e c t r a l  d e n s i t i e s  a r e  
g e n e r a l l y  complex f u n c t i o n s .  For e a s i e r  d i s c u s s i o n ,  we would r a t h e r  
d e a l  w i t h  t h e i r  g a i n s  which a r e  always r e a l  and d e f i n e d  by 

and 

where t h e  a s t e r i s k  i n d i c a t e s  t h e  complex con juga te .  Hence, e q u a t i o n  (41) 
can be r e w r i t t e n  a s  

Th is  e q u a t i o n  s t a t e s  t h a t  t h e  g a i n  from t h e  t ime d e r i v a t i v e s  of t h e  
photometer o u t p u t s  is equal  t o  t h e  g a i n  from t h e  o u t p u t s  themselves  
m u l t i p l i e d  by t h e  f requency s q u a r e .  

I n  t h e  atmosphere,  t h e  g a i n  of t h e  photometer o u t p u t s   GAB(^>£) 
fo l lows  approx imate ly  f'2 i n  t h e  range  of energy-bear ing edd ies .  This 
would imply t h a t  t h e  g a i n  from t h e  t ime d e r i v a t i v e s  would approximate  a  
w h i t e  n o i s e  spectrum. It is  a l s o  w e l l  known t h a t  t h e  wider  t h e  bandwidth 
of a w h i t e  n o i s e  spectrum,  t h e  narrower t h e  f i r s t  ze ro  c r o s s i n g  of t h e  
cor responding  c o r r e l a t i o n  f u n c t i o n .  Thus, t o  b e t t e r  approximate  t h e  
assumption (111-A), we would l i k e  t o  have t h e  bandwidth of t h e  photom- 
e t e r  o u t p u t s  a s  wide a s  p o s s i b l e .  However, because  of t h e  f o l l o w i n g  two 
f a c t o r s ,  t h e  bandwidth of t h e  s i g n a l s  ( i .  e . ,  t h e  photometer o u t p u t s )  
shou ld  be  s u i t a b l y  l i m i t e d .  F i r s t ,  t h e  common s i g n a l - t o - n o i s e  r a t i o  of 
t h e  photometer o u t p u t s  w i t h  n a t u r a l  s c a t t e r i n g  r a d i a t i o n s  a s  l i g h t  
s o u r c e s  is  v e r y  low. This r a t i o  i s  u s u a l l y  of t h e  o r d e r  of 0 . 4  o r  l e s s  



[IV-31. It fo l lows  t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t  of t h e  iA and ig, 
i . e . ,  

is  of t h e  o r d e r  of (0.4)' = 0.16 o r  l e s s .  Such a  s m a l l  c o r r e l a t i o n  coef -  
f i c i e n t  cou ld  n o t  b e  a c c u r a t e l y  eva lua ted  by commercia l ly  a v a i l a b l e  a n a l o g  
c o r r e l a t o r s .  A d i g i t a l  computer i s  r e q u i r e d  t o  a c h i e v e  a  more comple te  
n o i s e  c a n c e l l a t i o n  by i n t e g r a t i n g  over  v e r y  long r e c o r d s  w i t h o u t  dynamic 
t ime  placement e r r o r s .  The f 2  we igh t ing  of t h e  h i g h  f requency  n o i s e  which 
i s  i n t r o d u c e d  by d i f f e r e n t i a t i n g  t h e  t ime s e r i e s  a l s o  r e q u i r e s  a n  a d d i -  
t i o n a l  low-pass f i l t e r  w i t h  a  s h a r p  r o l l - o f f  a t  t h e  h i g h  f requency  l i m i t  
of t h e  common s i g n a l s .  Secondly ,  i n  us ing  d i g i t a l  computers ,  t h e  t ime  
d e r i v a t i v e  may be  approximated by t h e  f i n i t e  d i f f e r e n c e  of  two c o n s e c u t i v e  
d i g i t a l  t ime  samples .  The q u a n t i z a t i o n  e r r o r s  i n  t h e  i n d i v i d u a l  samples 
r e s u l t i n g  from t h e  a n a l o g l d i g i t a l  c o n v e r s i o n  w i l l  f u r t h e r  p ropaga te  t o  
t h e  t ime d e r i v a t i v e s  [IV-111 . The main e f f e c t s  of t h e  above two f a c t o r s  
a r e  s i g n i f i c a n t  o n l y  i n  t h e  h i g h e r  f r equency  p o r t i o n  of t h e  c r o s s - s p e c  t r a l  
d e n s i t y .  

To r e d u c e  t h e  q u a n t i z a t i o n  e r r o r s  i n  t h e  d i g i t a l  t ime h i s t o r i e s ,  t h e  
sample r e d u c t i o n  method i s  employed. I n  e s s e n c e ,  t h i s  method c o n s i s t s  
of two s t e p s :  (1)  sampl ing t h e  ana log  t ime h i s t o r y  a t  a n  i n t e r v a l  by 2m 
times s m a l l e r  than  t h a t  r e q u i r e d  by t h e  N y q u i s t ' s  c r i t e r i o n ,  i. e . ,  
At = 1 / 2 ( 2 f u ) ,  where f, is t h e  upper f requency of  t h e  t ime h i s  t o r y  meas- 
ured i n  H e r t z  and m is  any p o s i t i v e  i n t e g e r  equa l  o r  g r e a t e r  than  1, and 
(2)  a v e r a g i n g  every  m c o n s e c u t i v e  d i g i t a l  samples t o  form a  new d i g i t a l  
t ime h i s t o r y  w i t h  a n  e q u a l l y  spaced t ime i n t e r v a l  of 1 / ( 4 f u ) .  The t h e o r y  
[IV-111 shows t h a t ,  on t h e  a v e r a g e ,  abou t  30 p e r c e n t  r e d u c t i o n  i n  t h e  
q u a n t i z a t i o n  e r r o r  may r e s u l t  by reduc ing  f i v e  samples t o  one on a  t ime  
h i s t o r y  having an f - 2  s p e c t r a l  d e n s i t y .  Reduct ions  f o r  o t h e r  spec t rum 
shapes  a r e  a l s o  g i v e n  i n  r e f e r e n c e  I V - 1 1 ,  

To d e t e r m i n e  optimum i n j e c t i o n  of f 2  weighted h i g h  f requency  n o i s e  
components, we have v a r i o u s  s t a n d a r d  f requency s e t t i n g s  f o r  t h e  d i g i t a l  
f i l t e r s .  Both c e n t e r  and r o l l - o f  f  f r e q u e n c i e s  were  changed independen t ly  
of each o t h e r .  I n  app ly ing  t h e  d i g i t a l  f i l t e r i n g ,  any d e s i r e d  f i l t e r  
g a i n  and phase  f u n c t i o n s  can  e a s i l y  b e  accomplished by us ing  a  s u i t a b l e  
t r a n s f e r  f u n c t i o n  w i t h o u t  worrying abou t  p r a c t i c a l  l i m i t a t i o n s  i n  
e l e c t r o n i c s  . 



S p e c i f i c a l l y ,  l e t  us c o n s i d e r  a n  ana log  t ime h i s t o r y  x ( t )  and l e t  
i t s  F o u r i e r  t r ans fo rm be X( f )  , i. e . ,  

X ( f )  = /' x ( t )  e  
- i 2 f i f t  

d t .  

Th i s  f u n c t i o n  r e p r e s e n t s  t h e  f requency  decomposi t ion o f  t h e  o r i g i n a l  
t ime  h i s t o r y .  I n  a  broad s e n s e ,  t h e  f i l t e r  i s  meant t o  b e  a n  o p e r a t o r  
on X ( f )  s u c h  t h a t  X ( f )  w i l l  b e  weighted accord ing  t o  a  d e s i r e d  f a s h i o n  
i n  a  c e r t a i n  range  of f r equency .  Mathemat ica l ly ,  t h i s  o p e r a t i o n  can  b e  
expressed  a s  

Here,  H ( f )  i s  t h e  f u n c t i o n  c h a r a c t e r i z e d  by t h e  d e s i r e d  o p e r a t i o n  and i s  
c a l l e d  t h e  (complex) f r equency  r e s p o n s e  f u n c t i o n  of t h e  f i l t e r ,  w h i l e  
Y ( f )  i s  t h e  f requency  decomposi t ion of t h e  o u t p u t  f i l t e r e d  random t ime 
h i s t o r y .  The f requency  r e s p o n s e  f u n c t i o n  can be  broken i n t o  t h e  r e a l  
p a r t  Hr ( f )  and imaginary p a r t  H ( f )  , i. e.  , 

The a b s o l u t e  v a l u e  IH(£)  1 of H( f )  is  c a l l e d  t h e  g a i n  of t h e  f i l t e r ,  

w h i l e  t h e  a r c - t a n g e n t  of t h e  r a t i o  Hi ( f ) /Hr ( f )  is  c a l l e d  t h e  phase  func-  
t i o n  of t h e  f i l t e r ,  

Hi ( f )  
@ ( f )  = a r c  t a n  (- 

~ r ( f ) ) *  



Denote t h e  i n v e r s e  F o u r i e r  t r ans fo rms  of  H( f )  and Y ( f )  t o  t h e  t ime  
domain by 

and 

Taking t h e  F o u r i e r  t r a n s f o r m a t i o n  of e q u a t i o n  (49) ,  and then  sub-  
s t i t u t i n g  t h e  above express  i o n s ,  we o b t a i n  

This  e q u a t i o n  s t a t e s  t h a t  t h e  f i l t e r i n g  a s  d e f i n e d  by e q u a t i o n  (49) 
is  e q u i v a l e n t  t o  a n  i n t e g r a l  t r a n s f o r m  of t h e  o r i g i n a l  t ime h i s t o r y  x ( t )  
w i t h  t h e  we igh t ing  f u n c t i o n  h ( t ) .  This  we igh t  i s  c a l l e d  t h e  t r a n s f e r  
f u n c t i o n  of  t h e  f i l t e r .  The o u t p u t  of t h i s  t r a n s f o r m a t i o n  y ( t )  is u s u a l l y  
c a l l e d  t h e  f i l t e r e d  t ime  h i s  t o r y .  

For a n  i d e a l  low-pass f i l t e r  w i t h  bandwidth B = f u ,  t h e  f requency  
r e s p o n s e  f u n c t i o n  is s imply  

The cor respond ing  t r a n s £  e r  f u n c t i o n  w i l l  b e  

s i n  2fiBt 
h ( t )  = B 2iBt ). 

However, because  of t h e  ~ i b b ' s  phenomenon, we canno t  use  t h e  t r a n s f e r  
f u n c t i o n  of  equa t ion  (57), d i r e c t l y .  This  phenomenon e s s e n t i a l l y  s t a t e s  



t h a t  o s c i l l a t i o n s  e x i s t  i n  t h e  approximat ing f requency r e s p o n s e  func-  
t i o n  n e a r  t h e  d i s c o n t i n u i t i e s  of t h e  i d e a l  one when one approx imates  
a n  i d e a l  f r equency  r e s p o n s e  f u n c t i o n  having one o r  more jump d i s c o n -  
t i n u i t i e s  w i t h  a  t r u n c a t e d  F o u r i e r  s e r i e s .  

To avo id  t h i s  d i f f i c u l t y ,  t h e  f requency  r e s p o n s e  f u n c t i o n  i s  
u s u a l l y  cons  t r u c  t ed  a s  a  con t inuous  f u n c t i o n .  There  a r e  numerous ways 
t o  accomplish  t h i s .  What we s h a l l  a d o p t  below, one of t h e  s i m p l e s t  
t y p e s ,  i s  c a l l e d  t h e  Martin-Graham type  r o l l - o f f  f i l t e r .  I t s  f requency  
r e s p o n s e  f u n c t i o n  i s  d e f i n e d  f o r  a  low-pass f i l t e r  [IV-12, -131 a s  
f o l l o w s :  

where f c  and f T  a r e  t h e  c u t o f f  f r equency  and t e r m i n a t e  f r e q u e n c y ,  
r e s p e c t i v e l y ,  w h i l e  af is t h e  f requency  i n t e r v a l  between t h e s e  two 
f r e q u e n c i e s ,  i. e . ,  A£ = f T  - f,. The i n v e r s e  F o u r i e r  t r a n s f o r m a t i o n  of 
e q u a t i o n  (58) y i e l d s  t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  Martin-Graham low- 
pass  f i l t e r :  

-., s i n ( 2 f i f c t )  -t s i n ( 2 d  t )  
h  ( t )  = 

T  
R 2 n t [ 1  - 4(af) '  t 2 ]  

The t h e o r y  f o r  f i l t e r i n g  and t h e  a s s o c i a t e d  e q u a t i o n s  a r e  formu- 
l a t e d  i n  terms of  ana log  t ime h i s t o r i e s .  To a p p l y  them t o  d i s c r e t e  
d i g i t a l  t ime h i s t o r i e s ,  a l l  i n t e g r a t i o n s  need t o  b e  r e w r i t t e n  i n  sum- 
mat ion  forms.  The f requency  c o n t e n t s  of  t h e  t ime  h i s t o r y  s h o u l d  a l s o  
b e  known t o  s e t  a  s u i t a b l e  sampl ing r a t e  f o r  d i g i t i z a t i o n  f o l l o w i n g  
t h e  Nyquis t  c r i t e r i o n .  I n  a c t u a l  a p p l i c a t i o n ,  t h e  l i m i t s  of i n t e g r a -  
t i o n  i n  equa t ion  (55) w i l l  be  f i n i t e .  

Obviously  one would l i k e  t o  l i m i t  t h e  i n t e g r a t i o n  l i m i t s  T a s  
much a s  p o s s i b l e  i n  o r d e r  t o  minimize t h e  r e q u i r e d  computer t ime.  An 
e x p l i c i t  r e l a t i o n  f o r  t h e  minimum i n t e g r a t i o n  t ime i s  now d e r i v e d  from 
t h e  c h a r a c t e r i s t i c s  of bo th  t h e  t ime  h i s t o r i e s  and t h e  d e s i r e d  f i l t e r .  



L e t  us d e n o t e  t h e  upper f r equency  i n  t h e  t ime h i s t o r i e s  by f u ,  t h e  d e s i r e d  
c u t o f f  f r equency  of t h e  f i l t e r  by f c ,  and t e r m i n a t e  f requency  by f ~ .  The 
upper f r equency  w i l l  de te rmine  t h e  minimum sampl ing i n t e r v a l  by ~ y q u i s t ' s  
o r  ~ h a n n o n '  s  c r i t e r i a  as 

Then e q u a t i o n  (55) can be  w r i t t e n  i n  summation form a s  

where 

Yk = Y ( ~ ~ ~ )  

he  = h ( ~  a t )  

x = ~ [ ( k - Q )  ntl 
k - e  

and 

The l i m i t  o f  summation tNd is  d i c t a t e d  by t h e  t o l e r a n c e  of  e r r o r  i n  t h e  
f i l t e r  f r equency  response .  L e t  us d e f i n e  t h e  measure of  e r r o r  [IV-121 
a s  

where H(f,Nd) i s  t h e  Nd-term t r u n c a t i o n  of t h e  i n f i n i t e  s e r i e s  r e p r e s e n -  
t a t i o n  of H ( f ) .  I t  has been determined e m p i r i c a l l y  t h a t  f o r  t h e  t o l e r -  
ant e  



t h e  minimum number r e q u i r e d  i s  g i v e n  by 

w i t h  

This shows t h a t  t h e  s h a r p e r  t h e  r o l l - o f f  r a t e  i n  t h e  f i l t e r ,  t h e  
g r e a t e r  t h e  number of  d i g i t a l  samples needed f o r  a  f i x e d  accuracy  t o l e r -  
ance .  F i g u r e  I V .  5 shows t h e  phase  and g a i n  f u n c t i o n  of  t h e  Martin-Graham 
low-pass f i l t e r  w i t h  f,  = 0 .8  H e r t z ,  f ~  = 1 . 0  Her tz  and Nd = 39. The 
f i g u r e  c l e a r l y  shows t h a t  t h e r e  i s  o n l y  n e g l i g i b l y  s m a l l  phase  d i s t o r -  
t i o n  and t h a t  t h e  g a i n  is a lmos t  e x a c t l y  a s  d e s i r e d .  

IV-4. EXPERIMENTAL AND COMPUTED RESULTS 

To v e r i f y  t h e  t h e o r y  t h a t  t h e  p r o b a b i l i t y  d e n s i t y  of wind component 
v a r i a t i o n s  can  be  approximated by t h e  crossed-beam techn ique ,  and t o  t e s t  
t h e  a p p l i c a b i l i t y  of t h e  d a t a  c o n d i t i o n i n g  and hand l ing  methods d e s c r i b e d  
i n  t h e  l a s t  two c h a p t e r s ,  some computer-processed r e s u l t s  of a c t u a l  
crossed-beam t e s t  d a t a  recorded i n  t h e  lower a tmosphere  a r e  p r e s e n t e d  i n  
t h i s  c h a p t e r .  

The f i e l d  t e s t s  were c a r r i e d  o u t  by t h e  Colorado S t a t e  U n i v e r s i t y  a t  
Boulder ,  Colorado.  A schemat ic  crossed-beam t e s t  ar rangement  is i l l u s -  
t r a t e d  i n  F i g u r e  IV.6. The d e t a i l e d  t e s t  s i t e  topography, geometry of 
t h e  p h o t o d e t e c t o r s ,  and m e t e o r o l o g i c a l  c o n d i t i o n s  were r e p o r t e d  i n  r e f e r -  
ences I V - 1  and IV-2. 

The l i g h t  s o u r c e  i s  t h e  n a t u r a l  s c a t t e r e d  r a d i a t i o n  i n  t h e  v i s i b l e  
s p e c t r a l  r a n g e .  A b lock  diagram of  t h e  crossed-beam d e t e c t i o n  s y s t e m  is  
shown i n  F i g u r e  IV.7. E s s e n t i a l l y ,  t h e  i n c i d e n t  r a d i a t i o n  i n  t h e  f i e l d  
of  view o f  t h e  t e l e s c o p e  (0 .5  d e g r e e )  i s  focused on a  p h o t o d e t e c t o r  
( s i l i c o n  d i o d e ) .  The r a d i a t i o n  power i s  conver ted  i n t o  v o l t a g e  i n  pro-  
p o r t i o n  t o  i t s  power. The f l u c t u a t i n g  v o l t a g e  i s  e l e c t r o n i c a l l y  s e p a r a t e d  
i n t o  t h e  d . c .  and a . c .  components w i t h  a  t i m e - c o n s t a n t  of 100 seconds .  I n  
a d d i t i o n ,  a  low-pass and high-pass  f i l t e r  of 0 .01  Hz and 3 Hz, r e s p e c t i v e l y ,  
a r e  s e t  i n  t h e  r e c o r d i n g  c h a i n .  Both a . c .  and d .c .  s i g n a l s ,  t o g e t h e r  w i t h  
t h e  wind speed and d i r e c t i o n  ob ta ined  by anemometers, a r e  r ecorded  on a n  
ana log  magnet ic  t a p e .  More d e t a i l s  of t h e  o p t i c s  and e l e c t r o n i c s ,  and 
a s s o c i a t e d  s i g n a l / n o i s e  a n a l y s e s  were d i s c u s s e d  i n  r e f e r e n c e  IV-3. 



We s h a l l  p r e s e n t  and d i s c u s s  two t e s t  runs  ( I  and 1 1 ) .  The p e r t i -  
n e n t  i n f o r m a t i o n  i s  summarized i n  Table  I V - 1 .  The t o p  view of t h e  
photometer ar rangements  and t h e  p r o b a b i l i t i e s  of wind d i r e c t i o n s  f o r  
t h e s e  two runs  a r e  shown, r e s p e c t i v e l y ,  i n  F i g u r e s  IV.8(A) and (B).  I t  
can be  s e e n  t h a t  t h e  wind d i r e c t i o n  was f a i r l y  c o n s t a n t  d u r i n g  t h e  meas- 
urements f o r  b o t h  r u n s .  For c o m p a ~ i s o n s ,  anemometers were  a l s o  mounted 
on a  m e t e o r o l o g i c a l  tower which was l o c a t e d  between two l i n e s  of  s i g h t  
of t h e  photometers (F igure  IV.6).  

The a n a l o g  t ime h i s t o r i e s  of t h e  a . c .  s i g n a l s  a r e  f i r s t  d i g i t i z e d  
a t  a  r a t e  of  8 0  samples pe r  second.  These d i g i t a l  t ime h i s t o r i e s  a r e  
then  averaged every  10  samples t o  r e d u c e  t h e  sampl ing r a t e  t o  8  samples 
pe r  second by t h e  sample r e d u c t i o n  method d i s c u s s e d  i n  s e c t i o n  IV-3. 
The purpose  of t h e  o p e r a t i o n  is  t o  reduce  t h e  q u a n t i z a t i o n  e r r o r s  due t o  
t h e  a n a l o g l d i g i t a l  convers ion .  These reduced d i g i t a l  t ime h i s  t o r i e s  and 
t h e i r  t ime  d e r i v a t i v e s  a r e  then  used t o  e v a l u a t e  t h e  c r o s s - c o r r e l a t i o n s .  
S i n c e  t h e  t i m e  h i s t o r i e s  a r e  t o o  long t o  be  s t o r e d  i n  t h e i r  e n t i r e t y  i n  
t h e  computer,  t h i s  e v a l u a t i o n  i s  performed by a  s p e c i a l l y  dev i sed  com- 
p u t e r  l o g i c  f o r  p iecewise  c o r r e l a t i o n  [IV-14, -15, and -161. I n  s h o r t ,  
a  long t ime h i s t o r y  of l e n g t h  T  i s  t o  b reak  i n t o  m s h o r t e r  p i e c e s  of 
equa l  l e n g t h  AT; T  = m AT. Each s h o r t  p i e c e  of  d a t a  is  then  processed 
t o  o b t a i n  a  "piecewise"  c r o s s - c o r r e l a t i o n .  These "piecewise"  c r o s s -  
c o r r e l a t i o n s  a r e  s e q u e n t i a l l y  averaged by a  r e c u r s  i o n  formula  t o  o b t a i n  
t h e  a c c u m u l a t i v e  c r o s s - c o r r e l a t i o n  which is equa l  t o  t h e  c r o s s - c o r r e l a -  
t i o n  e v a l u a t e d  d i r e c t l y  from t h e  e n t i r e  t ime h i s t o r y .  By s o  d o i n g ,  t h e  
computer needs o n l y  t o  s t o r e  a t ime h i s t o r y  of  l e n g t h  AT. I n  p r o c e s s i n g  
t h e  t e s t  runs  I and 11, t h e  p i e c e  l e n g t h  AT = 450 seconds ,  t h e  maximum 
t ime l a g  yma, = 50 seconds and t h e  increment  i n  t ime l a g  AT = 0 .25  second.  

F i g u r e  IV.9 shows t h e  c r o s s - c o r r e l a t i o n  of t h e  photometer o u t p u t s  
f o r  r u n  I w i t h  t h e  lower and upper f r equency  c u t - o f f ,  0 .01 Hz and 3 .0  Hz, 
r e s p e c t i v e l y .  The ex t remely  e r r a t i c  c u r v e  i n d i c a t e s  c l e a r l y  t h a t  t h e  
upper f r equency  of  3  Hz is  t o o  h i g h .  An examinat ion of t h e  correspond-  
ing  g a i n  shows t h a t  a  narrow-band n o i s e  component e x i s t s  a t  1.25 Hz. So, 
t o  smooth t h e  c r o s s - c o r r e l a t i o n ,  t h e  n o i s e  component has  t o  be  f i l t e r e d  
o u t .  F i g u r e s  IV.10 t h r o u  h  I V .  12 show t h r e e  d i f f e r e n t  c a s e s  of c r o s s -  'i c o r r e l a t i o n s  RXy(r)  and s 2 ) ( r )  of t h e  o u t p u t s  and t h e i r  t ime d e r i v a t i v e s  

Y 
of  run  I, which a r e  ob ta ined  by us ing  t h r e e  d i f f e r e n t  r o l l - o f f s  i n  t h e  
d i g i t a l  f i l t e r i n g .  A l l  t h r e e  have t h e  same t e r m i n a t e  f requency  f T  = l . O  Hz, 
w h i l e  t h e  c u t - o f f  f r e q u e n c i e s ,  f c ,  equa l  0 .8 ,  0.6 and 0.4 Hz, r e s p e c t i v e l y .  
Also  shown i n  t h e s e  f i g u r e s  a r e  t h e  90-percen t  c o n f i d e n c e  l i m i t s  of Rxy(z) 

(2 )  7 and sy ( r )  a s  denoted by Rm(7) and %, ( T ) ,  r e s p e c t i v e l y  [IV-151. A l l  

t h r e e  &y (7)  cu rves  a r e  much smoother compared t o  t h e  c u r v e  i n  F i g u r e  IV.9, 
and t h e r e  is o n l y  one peak i n  Rxy ( r )  around r = 10  seconds ,  which exceeds 
t h e  c o n f i d e n c e  l i m i t  a t  l e a s t  by two t imes .  This means t h a t  o n l y  t h i s  
peak has  t h e  s u f f i c i e n t  s t a t i s t i c a l  s i g n i f i c a n c e ,  and t h a t  t h e  r e s t  of 
t h e  c u r v e  is  due t o  no th ing  b u t  n o i s e s  which have n o t  been comple te ly  



e l i m i n a t e d .  There fore ,  on ly  t h e  p o r t i o n  of 4;) ( I )  which cor responds  
t o  t h i s  s i g n i f i c a n t  peak should b e  s e l e c t e d  w i t h  s u f f i c i e n t  s t a t i s t i c a l  
conf idence .  For easy  i d e n t i f i c a t i o n ,  t h e s e  p o r t i o n s  o f  R(P )  (I)  a r e  
shad ed . x  Y - 

F i g u r e  IV.13 p r e s e n t s  t h e  s t a t i s t i c a l  e r r o r s  of 6% of t h e  c r o s s -  
c o r r e l a t i o n s  Rx (7)  v e r s u s  t h e  i n v e r s e  s q u a r e  r o o t  of t h e  i n t e g r a t i n g  
t ime T  = m t .  ~ g e  s t a t i s t i c a l  e r r o r  is def ined  a s  t h e  average  of t h e  

con£ idence  l i m i t  'm i n t e g r a t e d  over  t h e  t ime l a g  from -ha, t o  f T~~~ 

[IV- 141. For s t a t i s  t i c a l  s t a t i o n a r y  p rocesses  , t h e  t h e o r y  shows t h a t  
t h e s e  curves  should approximate  a  s t r a i g h t  l i n e  drawn through t h e  o r i g i n  
of t h e  c o o r d i n a t e s ,  and t h a t  t h e  s l o p e  of t h e  s t r a i g h t  l i n e  g i v e s  t h e  
i n v e r s e  s q u a r e  r o o t  of a n  e q u i v a l e n t  bandwidth Be££, a s  i f  t h e  a s s o c i a t e d  
spectrum were  a  w h i t e  n o i s e  spectrum [IV-161. The f i g u r e  shows t h e  
e q u i v a l e n t  bandwidth B e f f  = 0.182 Hz f o r  r u n  I. It is  a l s o  noted t h a t  
t h e  s t a t i s t i c a l  e r r o r  f o r  f, = 0 . 8  Hz is  t h e  s m a l l e s t ,  w h i l e  t h e  e r r o r  
f o r  f c  = 0.4  Hz is  t h e  l a r g e s t .  This i s  expected,  s i n c e  t h e  e r r o r  is  
p r o p o r t i o n a l  t o  t h e  i n v e r s e  s q u a r e  r o o t  of t h e  bandwidth used.  

F i g u r e s  IV.14 through IV.16 show t h e  g a i n s  Gxy(f) and G$) ( f )  c o r r e -  
sponding t o  F i g u r e s  IV.10 through IV.12. Table  IV-2 summarizes t h e  
approximate  power law f o r  each g a i n  and t h e  cor responding  i n c r e a s e  i n  
exponent from Gxy ( f )  t o  G$) ( f )  . For s t a t i o n a r y  p rocesses  , t h e  i n c r e a s e  
i n  t h e  exponent of t h e  power from Gxy ( f )  should  be 2  ( s e e  e q u a t i o n  (46) ) .  
Tab le  IV-2 i n d i c a t e s  t h a t  t h e  c a s e  w i t h  f c  = 0 .4  Hz and f T  = 1 . 0  Hz g i v e s  
a  power law c l o s e s t  t o  t h a t  f o r  s t a t i o n a r y  p r o c e s s e s .  It a l s o  i m p l i e s  
t h a t  t h e  components of t h e  photometer o u t p u t s  between 0.4 Hz and 1 . 0  Hz 
is  l e s s  s t a t i o n a r y  than t h o s e  between 0.01 Hz and 0.4 Hz. To f u r t h e r  
demons t ra te  t h e  n o n s t a t i o n a r i t y ,  G ~ F )  ( f )  and f 2  Gxy(f)  f o r  each c a s e  a r e  
p l o t t e d  i n  F i g u r e s  I V .  17 through IV.19. Comparing o f  t h e s e  f i g u r e s  a l s o  
shows t h a t  t h e  b e s t  agreement between G$;)(£) and f 2  Gxy(f) is  f o r  t h e  
c a s e  w i t h  f c  = 0.4 Hz. 

F i n a l l y ,  we come t o  check our u l t i m a t e  g o a l ,  i . e . ,  t o  r e t r i e v e  
o p t i c a l l y  t h e  t u r b u l e n t  wind s t a t i s t i c s .  F i g u r e  I V .  20 shows t h e  normal- 
ized p r o b a b i l i t y  dens i t y  of wind component v a r i a t i o n s  (normal t o  b o t h  
beams) deduced from t h e  o p t i c a l  cross-beam measurements, a s  w e l l  a s  
from t h e  anemometer r e a d i n g s .  C l e a r l y ,  t h e  most p robab le  wind component 
ob ta ined  o p t i c a l l y  i s  w i t h i n  5 p e r c e n t  of t h a t  ob ta ined  by t h e  d i r e c t  
measurement. The rms of t h e  wind component v a r i a t i o n s  ob ta ined  o p t i c a l l y  
is  s l i g h t l y  l a r g e r  than  t h a t  by t h e  anemometer. The b e s t  agreement between 
them a g a i n  i s  o f f e r e d  by us ing f, = 0.4 Hz and f T  = 1 . 0  Hz. It i s  a l s o  
noted t h a t  t h e  p r o b a b i l i t y  d e n s i t y  ob ta ined  by t h e  crossed-beam techn ique  
is  somewhat skewed t o  h i g h e r  wind component compared t o  t h a t  by t h e  ane- 
mometer. The reason  f o r  t h i s  skewness i s  s t i l l  being i n v e s t i g a t e d .  
F i g u r e  IV.21 shows a n o t h e r  comparison of t h e  p r o b a b i l i t y  d e n s i t i e s  
ob ta ined  b o t h  o p t i c a l l y  and d i r e c t l y  f o r  run  I1 w i t h  f Q  = 0 .01  Hz and 



f u  = 0 . 3  Hz. Once a g a i n ,  t h e  crossed-beam measurement y i e l d s  v e r y  
a c c u r a t e l y  t h e  most p robab le  wind component. The rms of t h e  wind 
component v a r i a t i o n s  i s  a b o u t  25 p e r c e n t  l e s s  than  t h a t  by t h e  
anemometer. The o p t i c a l  p r o b a b i l i t y  d e n s i t y  a l s o  shows a  s i m i l a r  
skewness t o  h i g h e r  wind components. 

IV-6. CONCLUSIONS 

The crossed-beam techn ique  employing t h e  n a t u r a l  s c a t t e r e d  r a d i a -  
t i o n s  i s  shown t o  b e  c a p a b l e  of remote d e t e c t i o n  of  t h e  wind component 
v a r i a t i o n s  normal t o  t h e  two l i g h t  beams. A  t h e o r e t i c a l  r e l a t i o n s h i p  
is  d e r i v e d  which approximates  t h e  p r o b a b i l i t y  d e n s i t y  of t h e  wind com- 
ponent v a r i a t i o n s  i n  terms of t h e  measurab le  c r o s s - c o r r e l a t i o n  of  t h e  
photometer  o u t p u t s  under t h r e e  f a i r l y  r e a l i s  t i c  assumpt ions  on t h e  
a tmospher ic  t u r b u l e n c e  and wind s t a t i s t i c s .  S p e c i f i c a l l y ,  i t  is  shown 
t h a t  t h e  p r o b a b i l i t y  d e n s i t y  of t h e  wind component i s  d i r e c t l y  p ropor -  
t i o n a l  t o  t h e  temporal  c r o s s - c o r r e l a t i o n  of t h e  f i r s t  t ime d e r i v a t i v e s  
of t h e  l i g h t  i n t e n s i t y  f l u c t u a t i o n s  m u l t i p l i e d  by t h e  t ime l a g  i n t r o -  
duced between t h e  two t ime h i s t o r i e s .  The moments of t h e  wind component 
v a r i a t i o n s  c a n  b e  e a s i l y  eva lua ted  once t h e  p r o b a b i l i t y  d e n s i t y  i s  
o b t a i n e d  by t h e  o p t i c a l  crossed-beam techn ique .  

Because of t h e  v e r y  low s i g n a l - t o - n o i s e  r a t i o  f o r  t h e  t ime h i s t o r i e s  
i n t r i n s i c  t o  t h i s  t y p e  of remote d e t e c t i o n ,  t h e  d i g i t a l  a n a l y s i s  i s  f a r  
more p r e f e r a b l e  t o  ana log  a n a l y s  is f o r  h i g h e r  s t a t i s  t i c a l  a c c u r a c y .  
Fur thermore ,  because  of t h e  n e c e s s i t y  t o  use  t h e  t ime d e r i v a t i v e s  of  t h e  
photometer o u t p u t s  which a r e  approximated by t h e  f i n i t e  d i f f e r e n c e  scheme, 
t h e  sample  r e d u c t i o n  method i s  used t o  r educe  t h e  q u a n t i z a t i o n  e r r o r  by 
a b o u t  30 p e r c e n t .  More i m p o r t a n t l y ,  a  s u i t a b l e  d i g i t a l  f i l t e r i n g  shou ld  
be  used t o  f i l t e r  o u t  t h e  h i g h e r  f r equency  n o i s e s  which a r e  weighted by 
a  f a c t o r  of  f r equency  s q u a r e  due t o  t h e  n e c e s s i t y  of us ing t h e  t ime  
d e r i v a t i v e s .  The d i g i t a l  f i l t e r i n g  p rocess  is  f a i r l y  time-consuming 
even f o r  £as t computers ,  and t h e  computat ion t ime  r e q u i r e d  is s h o r t e r  
f o r  s lower  r o l l - o f f  i n  t h e  f requency r e s p o n s e  f u n c t i o n  of t h e  low-pass 
f i l t e r .  Three  d i f f e r e n t  types  of  r o l l - o f f s  a r e  s t u d i e d  t o  s e e  t h e i r  
e f f e c t s  on t h e  e v a l u a t i o n s  of t h e  c r o s s  - c o r r e l a t i o n  and t h e  c o r r e s p o n d i n g  
s p e c t r a l  d e n s i t i e s .  These r o l l - o f  f s  have t h e  same t e r m i n a t e  f requency  
of  1 . 0  Hz, w h i l e  t h e  c u t - o f f  f r e q u e n c i e s  a r e  0.8 Hz, 0 .6  Hz and 0 .4  Hz, 
r e s p e c t i v e l y .  

A c t u a l  f i e l d  t e s t s  have been c a r r i e d  o u t  i n  t h e  a tmosphere  a t  
Boulder ,  Colorado.  Two l i n e s  of s i g h t  have been c rossed  abou t  61 mete r s  
from t h e  ground.  The photometer s i g n a l s  were processed by a  s p e c i a l  
p iecewise  computer program, t o g e t h e r  w i t h  two s u b r o u t i n e s  f o r  a p p l y i n g  
t h e  sample r e d u c t i o n  method and f o r  t h e  d i g i t a l  f i l t e r i n g .  The o p t i c a l l y  
measured p r o b a b i l i t y  d e n s i t i e s  of wind component v a r i a t i o n s  were found 



t o  be  i n  r e a s o n a b l e  agreement w i t h  t h o s e  measured d i r e c t l y  by t h e  con- 
v e n t i o n a l  anemometers mounted on a  m e t e o r o l o g i c a l  tower a t  t h e  same 
c r o s s i n g  h e i g h t .  The most p robab le  wind components o b t a i n e d  by t h e  
crossed-beam t e c h n i q u e  a r e  w i t h i n  5 p e r c e n t  of t h a t  ob ta ined  by t h e  
anemometer. The r o o t  mean s q u a r e s  of t h e  wind component v a r i a t i o n s  
ob ta ined  by t h e  former  f o r  two d i f f e r e n t  t e s t s  a r e  w i t h i n  5 and 25 
p e r c e n t ,  r e s p e c t i v e l y ,  of t h o s e  measured by t h e  l a t t e r .  For  s t i l l -  
unknown r e a s o n s ,  t h e  p r o b a b i l i t y  d e n s i t y  c u r v e  ob ta ined  by t h e  o p t i c a l  
means is r e l a t i v e l y  skewed t o  h i g h e r  wind speeds  a s  compared t o  t h a t  
from t h e  anemometer. It is  a l s o  found t h a t  t h e  b e s t  agreement i n  t h e  
p r o b a b i l i t y  d e n s i t y  of wind components was o b t a i n e d  by us ing  t h e  s l o w e s t  
r o l l - o f f ,  i . e . ,  f c  = 0 . 4  Hz and f~  = 1.0  Hz.  This  s t r o n g l y  s u g g e s t s  
t h a t  t h e  b e s t  f r equency  range  might b e  between 0 .01 Hz t o  0 .5  Hz  f o r  
t h e s e  t e s t s  . T h e o r e t i c a l  c o n s i d e r a t i o n s  p r e d i c t  t h a t  t h e  optimum c u t -  
o f f  f r equency  f c  w i l l  be  determined by two f a c t o r s :  ( a )  t h e  maximum 
wind component t o  b e  expected Umax and (b) t h e  s m a l l e s t  a tmospher ic  eddy 
s i z e  Lmin which w i l l  p r e s e r v e  s u f f i c i e n t l y  i t s  c h a r a c t e r i s  t i c s  over  t h e  
t r a n s m i s s i o n  between two l i g h t  beams. S p e c i f i c a l l y ,  f c  = Umax/2fi hin. 
This  g i v e s  f c  = 0.318 Hz f o r  Umax = 20 m/sec ( run  I) and bin = 10  m e t e r s  
[IV-81, which is  c l o s e  t o  t h e  e x p e r i m e n t a l l y  determined v a l u e  o f  0 .4  Hz. 

More exper imenta l  r e s u l t s  a r e  d e s i r a b l e  b e f o r e  we can  e s t a b l i s h  conc lu -  
s i v e l y  a n  optimum f requency  r a n g e  and t h e  s h a p e  of f r equency  r e s p o n s e  
f u n c t i o n  o f  t h e  d i g i t a l  f i l t e r i n g  w i t h  minimum r e q u i r e d  computat ion t ime.  

The a n a l y t i c a l  r e s u l t s  and d a t a - p r o c e s s i n g  methods developed f o r  
t h e  a tmospher ic  t u r b u l e n c e  measurement can b e  a p p l i e d  t o  measure tu rbu-  
l e n c e  i n  o t h e r  f l u i d  f low problems a s  w e l l .  The o p t i c a l  t e c h n i q u e  i s  
p a r  titularly advantageous  over  t h e  h o t - w i r e  and t h e  l i k e  i n  measur ing 
t h e  f low speed and t u r b u l e n c e  i n t e n s i t y  of h igh- tempera tu re ,  c h e m i c a l l y  
r e a c t i n g  o r  s u p e r s o n i c  f low f i e l d s  a s s o c i a t e d  w i t h  r o c k e t  e n g i n e  plume, 
b o i l i n g  phenomena i n  n u c l e a r  r e a c t o r s ,  plasma, e t c .  A l l  of t h e s e  f low 
f i e l d s ,  a t  t h e  p r e s e n t  t ime ,  d e f y  a c c u r a t e  and f r e e - f r o m - i n t e r f e r e n c e  
measurements by c o n v e n t i o n a l  d i r e c  t - s e n s  ing  i n s t r u m e n t a t i o n s  . 



TABLE IV-1. TEST RUN SPECIFICATION 

CROSSING HEIGHT 51 meters 

ANEMOMETER LEVEL 62 meters 

BASELINE BETWEEN PHOTOMETERS 220 meters 220 meters 

BEAM ELEVATION 

BEAM AZIMUTH 

MEASURING TIME: 

11:Ol a.m. 

12:03 a.m. 

TABLE IV-2. APPROXIMATE POWER LAWS OF GAINS OF 

PHOTOMETER OUTPUTS AND THEIR TIME DERIVATIVES 
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FIGURE IV.5. RESPONSE FUNCTION (PHASE AND GAIN) 

OF THE MARTIN-GRAHAM LOW-PASS DIGITAL FILTER 
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F I G U R E  I V . 7 .  BLOCK DIAGRAM O F  THE DETECTION STAGE 
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F I G U R E  I V . 8 .  P R O B A B I L I T Y  OF WIND D I R E C T I O N S  FOR T E S T  RUNS I AND I1 







F I G U R E  I V . 1 1 .  CROSS-CORRELATION AND CONFIDENCE LIMITS 

F O R  f, = 0.6  Hz and f = 1 . 0  Hz (RUN I) 



- 30 - 20 - I 0  0 
T i m e  d e l a y ,  T ( s ~ c )  

FIGURE IV.12. CROSS-CORRELATIONS AND CONFIDENCE LIMITS 

FOR f c  = 0.4 Hz AND fT = 1.0 Hz (RUN I) 







L o g  F r e q u e n c y  ( H e r t z  ) 

F I G U R E  I V .  15. COMPARISON OF THE G A I N S  Gxy ( f )  AND G ( ~ )  ( f )  x Y 
FOR f ,  = 0 . 6  H z  and f T  = 1 . 0  H z  (RUN I) 









F I G U R E  I V .  19.  COMPARISON O F  G!;) ( f ) WITH f G,, ( f )  

FOR f,= 0 .4  Hz AND f T  = 1 .0  Hz (RUN I) 





P r o b a b i l i t y  

of Norma l  
Wind  Component ,  

FIGURE I V . 2 1 .  PROBABILITY DENSITY OF WIND COMPONENT VARIATION (RUN 11) 
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CHAPTER V 

ON THE TRANSFORMATION BETWEEN TRANSIT DISTANCES 

AND W I N D  COMPONENT DISTRIBUTIONS 

F r i t z  R. Krause  
NASA - M a r s h a l l  Space F l i g h t  C e n t e r ,  Alabama 

V - 1 .  INTRODUCTION 

The r e c e n t  c o n c e p t u a l  development of t h e  crossed-beam c o n c e p t  i n d i -  
c a t e s  t h a t  t h e  c o r r e l a t i o n  of A.C.-coupled photometer o u t p u t s  c a n  b e  
employed t o  approximate  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of e i t h e r  t r a n s i t  
t imes o r  t r a n s i t  d i s t a n c e s  between s p a t i a l l y  and t empora l ly  s e p a r a t e d  
l i n e s  of s i g h t .  A p p l i c a t i o n s  of t h e s e  measurements then  r e q u i r e  us t o  
r e l a t e  t h e s e  t r a n s i t  t imes o r  d i s t a n c e s  t o  t h e  v e l o c i t y  components a s s o c -  
i a t e d  w i t h  t h e  t r a n s p o r t  of  h e a t ,  mass,  o r  momentum. The o b j e c t i v e  of 
t h i s  memorandum is t o  extend t h i s  t r a n s f o r m a t i o n  t o  t h e  use of t r a n s i t  
d i s t a n c e s  i n s t e a d  of  t r a n s  i t  t imes .  

P r e s e n t  exper iments  have been r e s t r i c t e d  t o  t h e  use  of t r a n s  i t  
t imes .  These t r a n s i t  t imes may b e  un ique ly  r e l a t e d  t o  wind components, 
i f  t h e  d i r e c t i o n  and l e n g t h  of t h e  t r a n s i t  d i s t a n c e  a r e  known. I n  wind 
t u n n e l  and j e t  a p p l i c a t i o n s ,  t h e  t r a n s i t  d i s t a n c e  i s  s e t  by s e p a r a t i n g  
two m u t u a l l y  p e r p e n d i c u l a r  beams a long  t h e  known f low d i r e c t i o n  [V-11. 
Subsequent t r a n s f o r m a t i o n  from t r a n s i t  t imes t o  l o n g i t u d i n a l  v e l o c i t y  
v a r i a t i o n s  has  s u c c e s s f u l l y  matched p i t o t  tube  and ho t -wi re  measurements.  
The e a r l y  f i e l d  t e s t s  of ground winds a t  tower h e i g h t s  [V-21 employed a n  
o u t s i d e  wind a i r e c t i o n  r e a d i n g  w i t h  a  wind vane t o  o b t a i n  t h e  t r a n s i t  
d i s t a n c e .  The wind d i r e c t i o n  a t  t h e  top  of t h e  tower was measured b e f o r e  
t h e  t e s t  r u n ,  and bo th  beams were then  r o t a t e d  normal t o  t h i s  d i r e c t i o n .  
The beam s e p a r a t i o n  a t  t h e  tower h e i g h t  i s  then  a  good e s t i m a t e  of t h e  
t r a n s  i t  d i s  t a n c e  provided t h a t  t h e  wind d i r e c t i o n  f l u c t u a t i o n s  d u r i n g  t h e  
run  do n o t  exceed +20 degrees  [V-31. 

A n a l y t i c a l  s t u d i e s  of  mult ibeam geomet r i e s  were i n i t i a t e d  t o  d e t e r -  
mine whether  s u i t a b l e  t e s t  geomet r i e s  could  b e  found which do n o t  r e q u i r e  
independent  wind d i r e c t i o n  r e a d i n g s  f o r  r e l a t i n g  t r a n s  i t  t imes t o  wind 



components. W .  H. Heybey [V-41 i n  h i s  i n v e s t i g a t i o n  of t h r e e  ground 
t e l e s c o p e s  showed t h a t  t h e  two h o r i z o n t a l  wind components could be  
determined a t  p r e s e l e c t e d  a 1  t i t u d e s  , provided t h a t  v e r t i c a l  wind com- 
ponents a r e  n e g l i g i b l e .  A r e c e n t  e x t e n s i o n  of h i s  work [V-51 a l s o  
i n d i c a t e s  t h a t  t h e  t h i r d  t e l e s c o p e  may be  rep laced  w i t h  one a d d i t i o n a l  
p h o t o d e t e c t o r  i n  t h e  f o c a l  p lane  of t h e  second t e l e s c o p e .  This s i m p l e  
s ingle-beam f a n  geometry w i l l  measure h o r i z o n t a l  winds over  a  r e s t r i c t e d  
range  of wind azimuths (.= 2 2 2 " ) .  V e r t i c a l  wind measurements a r e  beyond 
t h e  c a p a b i l i t y  of b o t h  t h e  s ingle-beam f a n  arrangement and t h e  t h r e e -  
t e l e s c o p e  arrangement.  They would r e q u i r e  t h e  use  of a t  l e a s t  f o u r  
ground-based t e l e s c o p e s .  

The purpose of t h i s  paper i s  t o  p r e s e n t  p h y s i c a l  arguments t h a t  
wind components may be un ique ly  determined w i t h  a  s imple  two- te lescope  
arrangement i f  a  p l u r a l i t y  of p h o t o d e t e c t o r s  is used i n  t h e  f o c a l  p lane  
of one t e l e s c o p e  t o  moni tor  t r a n s i t  d i s t a n c e s  i n s t e a d  of t r a n s i t  t imes .  
The use  of a t h i r d  o r  f o u r t h  t e l e s c o p e  and t h e  r e s t r i c t i o n s  on wind 
azimuth a r e  n o t  n e c e s s a r y ,  i f  t h e  measurement o b j e c t i v e s  a r e  t o  measure 
one wind component r a t h e r  than  two o r  t h r e e .  

V-2. THE MEASUREMENT OF TRANSIT DISTANCES 

Consider  t h e  t e s t  geometry of F i g u r e  V. 1. One d i s t a n t  r a d i o m e t e r ,  
B y  i s  s e t  t o  look a t  a lmos t  h o r i z o n t a l  l i n e s  of s i g h t  which a r e  a l l  con- 
t a i n e d  i n  t h e  same v e r t i c a l  p lane.  A second rad iomete r ,  A ,  i s  s e t  
normal t o  t h i s  p lane  such t h a t  i t s  h o r i z o n t a l  l i n e  of s i g h t  i n t e r s e c t s  
t h e  lowes t  beam of t h e  d i s t a n t  t e l e s c o p e ,  B .  The f a n  a n g l e s  between 
t h e  o t h e r  l i n e s  of s i g h t  of r ad iomete r  B a r e  assumed t o  be  s o  s m a l l  t h a t  
d e v i a t i o n s  from t h e  h o r i z o n t a l  may be  neg lec ted  i n  t h e  v i c i n i t y  of t h e  
i n t e r s e c t i o n  p o i n t .  Each l i n e  of s i g h t  of radiometer  B may thus  b e  
c h a r a c t e r i z e d  by i t s  a l t i t u d e  z  = h ,  h2, h3, . . . , above t h e  i n t e r s e c t i o n  
p o i n t .  T r a n s i t  d i s t a n c e s  a r e  measured w i t h  t h e  above arrangement  by 
d i f f e r e n t i a t i n g  t h e  o u t p u t  s i g n a l s  i A ( t )  and i B ( t , h )  of t h e  two radiom- 
e t e r s  by d e l a y i n g  s i g n a l  iA r e l a t i v e  t o  t h e  s i g n a l s  ig, and by adding 
t h e  lagged p roduc t  of t h e s e  t ime d e r i v a t i v e s .  The r e s u l t  of t h i s  c r o s s -  
c o r r e l a t i o n  c a l c u l a t i o n  i s  then  m u l t i p l i e d  w i t h  t h e  s e l e c t e d  t ime d e l a y  
and normalized w i t h  t h e  r e s u l t a n t  peak v a l u e  a s  shown i n  F i g u r e  V-2. 
P l o t t i n g  t h i s  normalized multibeam product  mean v a l u e  a g a i n s t  t h e  
a b s c i s s a  h1.t should then d i r e c t l y  approximate  t h e  p r o b a b i l i t y  P(w = h1.r) 
t h a t  t h e  v e r t i c a l  speed w  of o p t i c a l  d i s t u r b a n c e s  has t h e  v a l u e  h / ~ .  

The above c l a i m  of approximat ing v e r t i c a l  wind speed v a r i a t i o n s  i s  
based on t h e  same p h y s i c a l  model of t h e  common p a t h  t h a t  was used by 
Heybey. The common s i g n a l s ,  which a r e  r e t r i e v e d  by t h e  c o r r e l a t i o n  
c a l c u l a t i o n ,  a r e  i d e n t i f i e d  w i t h  o p t i c a l  d i s t u r b a n c e s  which i n t e r s e c t  
beam A a t  t ime t - T and B a t  t ime t .  These d i s t u r b a n c e s  t h e r e f o r e  



t r a v e l  a l o n g  a  "common path" t h a t  i n t e r s e c t s  beam A and beam B a t  t h e  
a l t i t u d e  h  above beam A. L e t  us assume t h a t  t h e  v e r t i c a l  wind component, 
w, does n o t  change a long  t h e  common p a t h .  A d i s t u r b a n c e  can then  b e  
"common" t o  t h e  a l t i t u d e s  z  = 0 and z = h  o n l y  i f  t h e  v e r t i c a l  t r a n s i t  
d i s t a n c e  component w ~  i s  equa l  t o  t h e  g i v e n  a l t i t u d e  h .  

The t ime h i s t o r y  of h o r i z o n t a l  wind component, v ,  w i l l  de te rmine  t h e  d i s -  
placement of t h e  common p a t h  i n t e r s e c t i o n  of beam A r e l a t i v e  t o  t h e  beam 
i n t e r s e c t i o n  p o i n t  a t  z  = 0. This  d i sp lacement  d i s t a n c e  i s  g i v e n  by 

L e t  us now assume f o r  a  moment t h a t  t h e  t u r b u l e n c e  is  homogeneous o v e r  
such  d i s t a n c e s .  The common s i g n a l s  which a r e  g e n e r a t e d  a t  t h i s  i n t e r -  
s e c t i o n  a r e  then  s t a t i s  t i c a l l y  e q u i v a l e n t  t o  t h e  d i s t u r b a n c e s  f o r  a n y  
p a t h  i n t e r s e c t i o n  p o i n t  on beam A. I n  o t h e r  words,  t h e  d i sp lacement  of  
t h e  p a t h  i n t e r s e c t i o n  a long  beam A does n o t  change t h e  p roduc t  mean v a l u e  
c a l c u l a t i o n s .  The magnitude of  v a r i a t i o n s  of  t h e  h o r i z o n t a l  wind com- 
ponents v  a r e  thus  suppressed  i n  t h e  p roduc t  mean v a l u e  c a l c u l a t i o n s .  
Any d i s p l a c e m e n t  of a  common d i s t u r b a n c e  a long  t h e  beam canno t  b e  d e t e c t e d  
because  o f  t h e  o p t i c a l  i n t e g r a t i o n  a l o n g  t h e  beam. The above arguments 
may b e  r e p e a t e d  f o r  t h e  d i sp lacement  

of t h e  common p a t h  i n t e r s e c t i o n  a long  beam A a t  a l t i t u d e  z  = h. As a 
r e s u l t ,  we thus  f i n d  t h a t  any h o r i z o n t a l  motion i s  c a n c e l l e d  by t h e  
o p t i c a l  i n t e g r a t i o n  a long  t h e  beams i n  f i e l d s  of homogeneous t u r b u l e n c e .  
These same arguments should  h o l d ,  i n  f i r s t  approx imat ion ,  f o r  inhomo- 
geneous f i e l d s  of t u r b u l e n c e ,  where t h e  l i n e a r  dependence of point-beam 
produc t  mean v a l u e s  on t r a n s  l a t i o n a l  d i s  tu rbances  

S v d t  o r  J u  d t  

i s  c a n c e l l e d  by t h e  subsequen t  i n t e g r a t i o n  over a l l  such  d i s p l a c e m e n t s .  



The above arguments a r e  comple te ly  g e n e r a l  i n  t h a t  they  do n o t  
depend on t h e  s p e c i a l  o r i e n t a t i o n s  of t h e  beams B o r  beam A. The 
arrangement  of h o r i z o n t a l  beams t h a t  i s  i l l u s t r a t e d  i n  F i g u r e  V - 1  was 
chosen t o  demons t ra te  t h a t  v e r t i c a l  wind components c a n  be  o b t a i n e d  
w i t h  o n l y  two t e l e s c o p e s .  The same arrangement  would a l s o  c l o s e l y  simu- 
l a t e  t h e  d e s i r e d  a i r p l a n e  ins t rument-package [V-61. However, t h e  p a r t i c -  
u l a r  c r o s s c o r r e l a t i o n  c a l c u l a t i o n s  g i v e n  i n  F i g u r e  V-2 w i l l  i n d i c a t e  
t r a n s  i t  d i s t a n c e  components, h ,  a c r o s s  t h e  f a n  r e g a r d l e s s  of o r i e n t a -  
t i o n  of t h e  f a n  normal.  For example, h o r i z o n t a l  wind components would 
b e  measured i f  t h e  beam c o n f i g u r a t i o n  of F i g u r e  V - 1  is  r o t a t e d  around 
t h e i r  common b a s e l i n e  u n t i l  t h e  f a n  beam normal i s  i n  a  h o r i z o n t a l  
p o s i t i o n .  I n  any c a s e ,  t h e  c r o s s c o r r e l a t i o n  should  i n d i c a t e  t h e  proba- 
b i l i t y  of normal wind components a c r o s s  t h e  f a n  of beams B  

T 
a i A ( t - T )  a i B ( t , h >  

p(w = h / ~ )  = c o n s t  - < 
h  a t  a t  > .  

The t r a n s f o r m a t i o n  of t h e s e  t r a n s i t  d i s t a n c e s  t o  wind components i s  
a l r e a d y  inc luded  i n  e q u a t i o n  ( 2 ) .  This  t r a n s f o r m a t i o n  no longer  
r e q u i r e s  a n  independent  measurement, s i n c e  t h e  t r a n s i t  t ime  i s  equal  
t o  t h e  t ime d e l a y  T = c o n s t . ,  which was s e t  by t h e  computer.  

V-3. ACCEPTABLE RANGE OF TIME DELAYS 

The above d i s c u s s i o n s  would b e  incomplete  w i t h o u t  c o n s i d e r i n g  t h e  
r e s t r i c t i o n  on t h e  a c c e p t a b l e  r a n g e  of t ime  d e l a y s .  A  lower l i m i t  f o r  
t h e  t ime d e l a y ,  T m i n ,  is g i v e n  by t h e  c o n d i t i o n  t h a t  t h e  a s s o c i a t e d  
t r a n s i t  d i s t a n c e ,  wz, should  exceed t h e  c l a s s  i n t e r v a l  of i t s  p r o b a b i l -  
i t y  d i s t r i b u t i o n .  This c l a s s  i n t e r v a l  is  g i v e n  by t h e  l e n g t h  s c a l e  of 
t h e  common d i s t u r b a n c e ,  and was reduced t o  t h e  t u r b u l e n t  m i c r o s c a l e ,  Lh, 
by c o r r e l a t i n g  t h e  s i g n a l  d e r i v a t i v e s  a i l a t ,  i n s t e a d  of  t h e  s i g n a l s  
[V- 7 1 .  

< i ( t )  i B ( t ;  h=O) > 
Lh = - a i L 4 ( i )  a i , ( t , O )  

a t  > 



The lower l i m i t  of t r a n s i t  d i s t a n c e s  i s  thus  provided by t h e  c o n d i t i o n :  

i B ( t ;  h=O) > 
'l 

<< 1. 
wz min min a t  > 

An upper l i m i t  of t h e  t ime d e l a y ,  T ~ ~ ~ ,  i s  g i v e n  by t h e  c o n d i t i o n  t h a t  
t h e  t r a n s i t  t ime should be  much s m a l l e r  t h a n  t h e  eddy l i f e t i m e ,  LT. A 
f i r s t  approx imat ion  of t h i s  eddy l i f e t i m e  may be  d e r i v e d  from t h e  
envelope t o  t h e  v a r i o u s  t ime c o r r e l a t i o n  c u r v e s ,  a s  i l l u s t r a t e d  i n  F ig -  
u r e  V-3. 

~ o t h  i n e q u a l i t i e s  t o g e t h e r  d e f i n e  t h e  range  of a c c e p t a b l e  t ime d e l a y s :  

Within  t h i s  a c c e p t a b l e  range of t r a n s i t  t imes ,  one should expec t  t h a t  t h e  
crossed-beam approximat ion of s t a t i s t i c a l  wind-component d i s t r i b u t i o n s ,  
e q u a t i o n  (2 ) ,  is  v a l i d .  One may thus  v e r i f y  t h i s  approximat ion by r e p e a t -  
ing  t h e  c r o s s c o r r e l a t i o n  c a l c u l a t i o n s  f o r  v a r i o u s  t ime d e l a y s ,  z = TI; z2; 

... , w i t h i n  t h e  a c c e p t a b l e  range.  The r e s u l t i n g  p o i n t s  shou ld  a l l  
c o l l a p s e  on one c u r v e .  The same c o n d i t i o n  may a l s o  be  used t o  o b t a i n  a  
s u f f i c i e n t  number of p o i n t s  from compara t ive ly  few (= 5) beams B. , This 
a d d i t i o n a l  advan tage  is a l s o  i l l u s t r a t e d  i n  F i g u r e  V-2  f o r  two s e l e c t e d  
t ime d e l a y s ,  z = T~ and z = a2. The same procedure  might  be  used t o  
develop a n  o n - l i n e  wind component d i s p l a y  system. 

V - 4 .  ACCEPTABLE RANGE OF FAN ANGLES 

An arrangement  of photodiodes i n  t h e  f o c a l  p lane  of t e l e s c o p e  B w i l l  
g i v e  a f a n  o f  narrow c o n i c a l  f i e l d s  of view. These f i e l d s  of view r e p l a c e  
our h y p o t h e t i c a l  p a r a l l e l  beams i n  a n  a c t u a l  p h o t o d e t e c t i o n  system.  We 



t h e r e f o r e  have t o  c o n s i d e r  a  f i n i t e  range  of f a n  a n g l e s ,  B ,  and f i e l d  of 
view, Ag. The previous  i d e a l i z a t i o n  of p a r a l l e l  beams may b e  c o n s i d e r e d  
a s  t h e  l i m i t i n g  c a s e ,  where t h e  f a n  a n g l e s  a l l  approach ze ro .  

The e f f e c t s  of a f i n i t e  f a n  a n g l e ,  6 > 0, a r e  i l l u s t r a t e d  i n  F ig -  
u r e  V . 4 .  Consider t h e  h o r i z o n t a l  d i sp lacement ,  

a c r o s s  a  s i n g l e  pho tod iode ' s  f i e l d  of view. The normal d i sp lacement ,  h ,  
of a  common s i g n a l  w i l l  be  s u b j e c t  t o  a  g e o m e t r i c a l  u n c e r t a i n t y ,  

due t o  t h e  f i n i t e  f a n  a n g l e .  This u n c e r t a i n t y  should be  s m a l l e r  t h a n  t h e  
t o l e r a n c e ,  Lh, of t h e  normal d i sp lacement  d i s t a n c e ,  h .  This g i v e s  t h e  
fo l lowing  g e o m e t r i c a l  c o n d i t i o n  f o r  t h e  a c c e p t a b l e  range  of f a n  a n g l e s ,  

B: 

l i  2 t a n  g J ' Z G 7 - s  L ~ .  

The e f f e c t s  of a  f i n i t e  viewing a n g l e ,  ng, w i l l  be  t o  g e n e r a t e  a  f i n i t e  
beam d i a m e t e r ,  h n ~ / s i n  g, which should a l s o  be  s m a l l e r  than  t h e  t o l e r -  
ance  on t r a n s i t  d i s t a n c e .  This l e a d s  t o  a  g e o m e t r i c a l  c o n d i t i o n  f o r  
t h e  a c c e p t a b l e  f i e l d  of view. - 5 Lh. 

s i n  f$ 

However, t h e  r a t i o  n  = h/Lh g i v e s  t h e  number of beams i n  t h e  fan .  Equa- 
t i o n  (8) may thus be  r e w r i t t e n  a s  

1 Ag =; s i n  p. 



Equat ion ( 7 )  becomes 

LLh 
- 

h  2 w  
t a n  p 5 -r;- = - - n2;TT7' ' 

I n  c a s e  o f  v e r t i c a l  wind measurements,  i;7/ has  v a l u e s  of  =: 0 .1  and 
t h e  l a r g e s t  a c c e p t a b l e  f a n  a n g l e  o f  a  f ive-beam f a n  would be  

2 
t a n  B = g 5 - 0.1  2 2'. 

5 

The a s s o c i a t e d  viewing a n g l e  would b e  

Such a  sys tem can obv ious ly  b e  ach ieved  by i n s t a l l i n g  a v a r i a b l e - f i b e r  
o p t i c s  b l o c k  i n  t h e  a l r e a d y  e x i s t i n g  d e t e c t o r  f a n .  

V-5. CONCLUSIONS 

A p l u r a l i t y  of  no more than  f i v e  p h o t o d e t e c t i o n  elements i n  t h e  
f o c a l  p l a n e  of a s i n g l e  t e l e s c o p e  is  proposed t o  moni to r  wind components 
i n  p r e s e l e c t e d  d i r e c t i o n s  by moni to r ing  t r a n s  i t  d i s t a n c e s  i n s t e a d  of 
t r a n s i t  t i m e s .  P h y s i c a l  arguments a r e  p r e s e n t e d  which l ead  t o  t h e  fo l low-  
i n g  t e n t a t i v e  conc 1 us ions  . 

(1) Any componerit of t h e  a tmospher ic  mot ion a long  one of t h e  
beams w i l l  n o t  a f f e c t  t h e  r e s u l t  of c r o s s c o r r e l a t i o n  c a l c u l a t i o n s ,  s i n c e  
a  d i s p l a c e m e n t  of a  common d i s t u r b a n c e  a l o n g  a  beam canno t  b e  d e t e c t e d .  

( 2 )  The c r o s s c o r r e l a t i o n  c a l c u l a t i o n s  i n d i c a t e  on ly  t h e  com- 
ponents of  t h e  t r a n s i t  d i s t a n c e s  which a r e  normal t o  b o t h  beams. 

( 3 )  The measured t r a n s  i t  d i s t a n c e s  can  b e  d i r e c t l y  t r ans fo rmed  
i n t o  wind components, s i n c e  t h e  t r a n s i t  t ime  i s  known from t h e  t ime  d e l a y ,  
which was s e t  i n  t h e  computer.  

(4) Both h o r i z o n t a l  and v e r t i c a l  wind components can  b e  d e t e r -  
mined us ing  no more than  two t e l e s c o p e s .  



(5) The above wind component measurements r e q u i r e  us t o  
approx imate  t h e  p r o b a b i l i t y  d e n s i t y  of wind component v a r i a t i o n s  f o r  
v a r i o u s  t ime  d e l a y  pa ramete r s .  The range  of t h e s e  parameters  may be 
determined e x p e r i m e n t a l l y  w i t h  c r o s s  ed-beam s ys tems . 

(6)  A p l u r a l i t y  of p h o t o d e t e c t o r s  w i l l  a lways g i v e  a f i n i t e  
f a n  a n g l e  and a f i n i t e  viewing a n g l e ;  whereas ,  t h e  a n a l y s i s  was based 
on t h e  i d e a l i z e d  c a s e  of a v a n i s h i n g  f a n  a n g l e .  However, because  of t h e  
f i n i t e  s i z e  o f  t h e  t u r b u l e n t  m i c r o s c a l e ,  s m a l l  f a n  a n g l e s  and viewing 
a n g l e s ,  which a r e  w i t h i n  t h e  c a p a b i l i t y  of t h e  a l r e a d y  e x i s  t i n g  d e t e c t o r  
f a n ,  a r e  t o l e r a b l e .  
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CHAPTER V I  

CROSS-POWER SPECTRAL ANALYSIS FOR ATMOSPHERIC CROSS-BEAM DATA 

J .  B r i s c o e  Stephens  and John M. Lock l in  
NASA - Marsha l l  Space F l i g h t  Cen te r ,  Alabama 

and 

John C.  Pooley 
Northrop - H u n t s v i l l e ,  Alabama 

V I - 1 .  INTRODUCTION 

This  i s  t h e  f i r s t  a t t e m p t  t o  p h y s i c a l l y  i n t e r p r e t  cross-beam 
a tmospher ic  r e s u l t s  us ing  s p e c t r a l  a n a l y s i s .  The cross-beam program 
has used j u s t  t h e  t ime domain f o r  t h e  r e t r i e v a l  of wind v e l o c i t y  i n f o r -  
mat ion [VI-1, -21.  While t h e  s p e c t r a l  f o r m u l a t i o n  a p p l i e d  t o  t h i s  
a n a l y s i s  is  n o t  new [VI-31, t h e  method of combining i s  new. 

The concep t  of a p iecewise  spectrum is  i n t r o d u c e d ,  a long  w i t h  t h e  
s t a t i s  t i c a l  e r r o r  of t h e  spectrum. This paper  ana lyzes  t h e  above con- 
c e p t s  and a p p l i e s  them t o  a c t u a l  cross-beam d a t a .  

Chapter V I I  w i l l  g i v e  t h e  d e t a i l s  of how t h e s e  t echn iques  can be 
a p p l i e d  t o  r e t r o a c t i v e  f i l t e r i n g .  

VI-2. NOMENCLATURE 

INDEPENDENT VARIABLES 

Symbol D e f i n i t i o n  

t t o t a l  o b s e r v a t i o n  t ime 

T  t o t a l  i n t e g r a t i o n  t ime  



Symbol 

a 

DEPENDENT VARIABLES 

Def in i t i on  

length  of time f o r  each p iece  - -  t h e  whole 
d a t a  record is subdivided i n t o  pieces f o r  
da t a  processing 

p i ece  number 

t o t a l  number of pieces of da t a  i n t e g r a t e d  
over (m = TIAT) 

frequency 

time l ag  between the  two s i g n a l s  

maximum time l a g  

s i g n a l  t ime h i s t o r y  f o r  t he  sensor  

delayed time h i s t o r y  f o r  t he  second senso r  

covariance of t h e  i t h  p iece  of da t a  a t  time l ag  T 

accumulative covariance average over t h e  f i r s t  
i t h  p i ece  of d a t a  

accumulative covariance average over t h e  e n t i r e  
i n t e g r a t i o n  time 

s t a t i s t i c a l  e r r o r  of t h e  covariance 

co-spec t ra  ( r e a l  p a r t )  

quad-spec t r a  (imaginary p a r t )  

ga in ,  G~ = c2 + Q~ 

mean ga in  over m pieces of da t a  

accumulative g a i n  over m pieces of d a t a  

mean s t a t i s t i c a l  e r r o r  of the  ga in  

accumulative s t a t i s t i c a l  e r r o r  of t h e  g a i n  



Def in i t i on  

r 
G, @ t h e  Four ie r  t ranspose of t h e  spec t r a  t o  t h e  

c o r r e l a t i o n  curve w i l l  have t h e  s u b s c r i p t s  of 
those s p e c t r a  components used 

r (z) = r ( -7 )  t h i s  i s  t he  cross-covariance ( subsc r ip t  xy 
YX x Y i nd i ca t e s  p o s i t i v e  time l ags  and yx i n d i c a t e s  

nega t ive  time lags  

OPERATORS 

( )  s t a t i s t i c  

n - 
( ) i  = & 1 ( ) d t  piecewise mean (note: when average done over 

r e a l  time o r  time l a g ,  t h e  symbol < > i s  used 
(i-1)AT 

k 

<( Ik> = ) i  
accumulative mean where k i s  t he  k t h  p i e c e  of 
da t a  (when average over p i eces )  

i= 1 

- - - 
( 1 = <( )k=m> t o t a l  accumulative mean 

- 
<( )k>2 = - s t a t  i s  t i c a l  e r r o r  

k- 1 

the  symbols used i n  t h e  time domain w i l l  be 
t r ans fe r r ed  i n t o  the  frequency domain showing 
the  o r i g i n  of the  terms 

V I - 3 .  FORMULATIONS 

A .  Spectra  

Two types of spectrum rout ines  a r e  used i n  t h i s  ana lys i s :  t he  
accumulative s p e c t r a  and the  mean spec t r a .  The accumulative i s  obtained 
from a Four ie r  t ransformation of t he  f i n a l  accumulative c o r r e l a t i o n  curve,  



whereas t h e  mean s p e c t r a  is  ob ta ined  by averag ing  t h e  F o u r i e r  t r ans forma-  
t i o n  of each p i e c e  c o r r e l a t i o n  curve.  The spectrum ob ta ined  by t h e s e  
f o r m u l a t i o n s  i s  n o t  t h e  common method of s p e c t r a l  a n a l y s i s .  Analog and 
most d i g i t a l  methods of s p e c t r a l  a n a l y s i s  use  a  f a s t  F o u r i e r  t r a n s f o r m  
techn ique .  This  means t h a t  t h e  spectrum is  ob ta ined  from t h e  raw d a t a  
( b e f o r e  c o r r e l a t i o n  of t h e  d a t a ) .  S i n c e  we a r e  F o u r i e r - t r a n s f o r m i n g  t h e  
c r o s s c o r r e l a t i o n  c u r v e s ,  we have t h e  spectrum from o n l y  t h e  common modu- 
l a t i o n s  of t h e  two s i g n a l s .  There fore ,  f o r  l a r g e  n o i s e ,  t h e  advan tage  
is  t h a t  most of t h e  n o i s e  i s  c a n c e l l e d  o u t  b e f o r e  t h e  spectrum is 
taken .  

- 
The f o r m u l a t i o n  used t o  o b t a i n  t h e  accumula t ive  c o s p e c t r a  C ( f )  is  

- - 
where I is t h e  d e l a y ,  r ( 7 )  is t h e  accumula t ive  c o v a r i a n c e ,  and f  i s  t h e  - 
f requency.  The accumula t ive  quad-spectrum Q ( f )  i s  

~ ( f )  = [ rxy(7)  - r ( ? ) I  s i n  2n f i d ~ .  
YX 

( 2 )  

0 

- - 
It then fo l lows  t h a t  t h e  modulus of t h e  accumulat ive  g a i n  G( f )  i s  

and t h e  accumula t ive  phase g ( f )  is  

- - 
90 @ ( f )  = a r c t a n  - . 
C(f )  

These v a l u e s  g iven  by t h e  l a s t  f o u r  equa t ions  a r e  c a l c u l a t e d  i n  t h e  com- 
p u t e r  program g i v e n  i n  t h e  appendix.  



The - values f o r  t h e  piecewise ga in  Gi, co-spec t ra  Ei, and quad- 
s p e c t r a  Q i  a r e  ca l cu la t ed  i n  exac t ly  the  same manner a s  t h e i r  accumula- 
t i v e  counterpar t s  except t h a t  t h e  covariance curve used i s  now t h e  
piecewise covariance curve. With these  terms, t he  mean ga in  can be 
defined a s  

The mean g a i n  i s  a  unique term not  normally found i n  t he  l i t e r a t u r e .  
There a r e  reasons t o  be l i eve  t h a t  t he  mean ga in  i s  f r e e  from smal l  
o s c i l l a t i o n s  i n  time delay.  

Af t e r  t he  e r r o r  c r i t e r i a  a r e  considered,  t hese  two ga ins  w i l l  be 
t e s t ed  on a c t u a l  da t a .  

B.  S t a t i s t i c a l  Spectra  Error  

One of t he  key problems i n  s p e c t r a l  a n a l y s i s  i s  t he  lack  of a  good 
e r r o r  r o u t i n e .  I f  one dea l s  wi th  e i t h e r  t he  co-spec t ra  o r  the  quad- 
s p e c t r a ,  then the  s tandard  e r r o r  rou t ines  g ive  unique r e s u l t s .  How- 
ever ,  t h i s  i s  no t  t r u e  f o r  e i t h e r  t he  ga in  o r  t he  phase, s i n c e  these  
e r r o r s  depend on (a )  which average (accumulative or  mean) i s  used, and 
(b) t he  d i f f e r ences  i n  e r r o r  propagation wi th  changes i n  i n t e g r a t i o n  
time and summation. - 

The s t a t i s t i c a l  e r r o r  of t h e  accumulative ga in  & ( f )  i s  def ined a s  

and i t  follows then t h a t  the  s t a t i s t i c a l  e r r o r  of t h e  mean ga in  a ( £ ) >  
i s  def ined a s  

These e r r o r  c a l c u l a t i o n s  were performed using t h e  computer program 
given i n  t h e  appendix. 



The n e x t  q u e s t i o n  i s ,  what happens when t h e  spectrum is  t ransposed  
back i n t o  t h e  t ime domain? T h i s ,  i n  e f f e c t ,  does p rov ide  a  check on 
t h e  work done i n  t h e  f requency domain. 

Two types  of i n v e r s e  t r ans forms  e x i s t :  a  t r a n s p o s e  of t h e  
c o - s p e c t r a  and quad-spec t ra ,  and a t r a n s p o s e  of t h e  g a i n  and t h e  phase.  
The component t r a n s p o s e  is  g i v e n  by 

max 

and t h e  g a i n  t r a n s p o s e  is  g i v e n  by 

- - - 
r = ( I - )  = <G(f)> cos [27r f.r + @(£)I  d f .  TX (9) <G>@ 

f m i n  

The s u b s c r i p t s  i n d i c a t e  t h e  s o u r c e  o f  t h e  terms used i n  t h e  t r a n s p o s e .  
The computer program f o r  t h e  above c a l c u l a t i o n s  i s  g iven  i n  t h e  appendix.  

VI-4. RESULTS 

The f o r m u l a t i o n s  d i s c u s s e d  i n  t h e  p reced ing  s e c t i o n  w i l l  be  t e s t e d  
on a c t u a l  a tmospher ic  d a t a  from a  s e p a r a t e d  cross-beam r u n  w i t h  h i g h  
s t a t  is  t i c a l  accuracy  t o  perhaps g a i n  a  r e a s o n a b l e  e m p i r i c a l  unders tand-  
i n g  of t h e  s p e c t r a .  

The f i r s t  f o r m u l a t i o n  c a l c u l a t e d  was t h e  accumula t ive  g a i n  (equa- 
t i o n  ( 3 ) )  and i t s  a s s o c i a t e d  e r r o r  ( e q u a t i o n  ( 6 ) ) .  The r e s u l t s  a r e  shown 
i n  t h e  t o p  g r a p h  of F i g u r e  V I . l .  These r e s u l t s  show t h a t  t h e  accumula t ive  
g a i n  is n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  over  t h e  range  of f r e q u e n c i e s  from 
0.01 cps  t o  1 . 0  c p s .  We have r e q u i r e d  on ly  abou t  a 65 p e r c e n t  l e v e l  of 
p r o b a b i l i t y  i n  t h e  t e s t  of s i g n i f i c a n c e .  S i n c e  t h i s  run c o n t a i n s  a  peak 
i n  t h e  c o r r e l a t i o n  c u r v e  w i t h  a s t a t i s t i c a l  p r o b a b i l i t y  of b e t t e r  than  
99 p e r c e n t ,  t h e  s p e c t r a  from o t h e r  curves  a r e  going t o  be  even l e s s  
s i g n i f i c a n t .  To check f o r  e r r o r s ,  t h e  spectrum was t ransposed back t o  
t h e  t ime domain by e q u a t i o n  (8). These r e s u l t s  a r e  shown i n  F i g u r e  VI.2.  
One observes  t h a t  t h e  t r a n s p o s e  of t h i s  spectrum g i v e s  t h e  i n i t i a l  c o r -  
r e l a t i o n  curve ;  t h e r e f o r e ,  t h e  accumula t ive  spectrum must have t h e  same 
i n f o r m a t i o n  i n  i t  t h a t  was con ta ined  i n  t h e  o r i g i n a l  curve.  



Before  drawing any conc lus ions  we t r i e d  a n o t h e r  s p e c t r a l  r o u t i n e .  
Rather  than  us ing t h e  accumula t ive  spectrum,  we used t h e  mean s p e c t r a  
( e q u a t i o n  ( 5 ) )  w i t h  i t s  a s s o c i a t e d  e r r o r  ( e q u a t i o n  ( 7 ) ) .  The r e s u l t s  
a r e  shown i n  t h e  lower p o r t i o n  of F igure  V I .  1. That t h e  mean g a i n  i s  
s t a t i s t i c a l l y  s i g n i f i c a n t  s u g g e s t s  t h a t  perhaps we a r e  on t h e  r i g h t  
t r a c k .  To v e r i f y  t h e s e  r e s u l t s ,  t h e  mean g a i n  and t h e  mean phase  were 
t r ansposed  back t o  t h e  t ime domain by e q u a t i o n  ( 9 ) .  These r e s u l t s ,  
shown i n  F i g u r e  VI.3, appear  t o  be bad,  b u t  t h e  mean g a i n  i s  a p p r o x i -  
mate ly  t h e  same a s  t h e  accumula t ive  g a i n ,  accord ing  t o  F i g u r e  V I . 1 .  
Thus, t h i s  r e s u l t  seemed t o  be  on ly  a n  e f f e c t  of t h e  v a r i a t i o n s  i n  
phase.  This  theory  was t e s t e d  by t r a n s p o s i n g  b o t h  t h e  mean g a i n  and 
accumula t ive  phase ,  and t h e  accumula t ive  g a i n  and mean phase ( s e e  F ig -  
u res  V I . 4  and VI.5).  The c o r r e l a t i o n  c u r v e  ob ta ined  from t h e  mean g a i n  
and t h e  accumula t ive  phase (F igure  VI.4) g i v e s  t h e  b e s t  c o r r e l a t i o n  
c u r v e  thus  f a r  o b t a i n e d ,  and t h e  accumula t ive  g a i n  and t h e  mean phase 
( F i g u r e  V I .  5) g i v e  a b o u t  t h e  same r e s u l t s  a s  were  ob ta ined  f o r  t h e  mean 
g a i n  and t h e  mean phase (F igure  V I .  3 ) .  

VI-5. CONCLUSIONS 

Thus f a r ,  t h e  s p e c t r a l  r e s u l t s  ob ta ined  have been analyzed on ly  
f o r  t h e  most s t a t i s t i c a l l y  s i g n i f i c a n t  a tmospher ic  d a t a  we have.  Based 
on t h e  e m p i r i c a l  r e s u l t s  j u s t  g i v e n ,  t h e  fo l lowing  t e n t a t i v e  c o n c l u s i o n s  
a r e  reached . 

The computat ion of c o v a r i a n c e  f u n c t i o n s  f  rom an  i n v e r s e  F o u r i e r  
t r a n s f o r m  of p iecewise-es  t imated phase and g a i n  s p e c t r a  may d e v i a t e  
from t h e  d i r e c t  p roduc t  i n t e g r a t i o n ,  i f  t h e  phase spectrum is  taken  from 
an  accumulat ion of p iecewise  averages .  A r e a s o n a b l e  e x p l a n a t i o n  f o r  
t h i s  o b s e r v a t i o n  is  t h a t  t h e  mean g a i n  c a n c e l s  t h e  e f f e c t s  of nons t a -  
t i o n a r i t i e s  i n  t r a n s i t  t imes  t h a t  a r e  normal ly  r e f l e c t e d  i n  changes i n  
t h e  phase. Thus, e v a l u a t i n g  t h e  p iecewise  c o r r e l a t i o n  c u r v e  i n  t h e  f r e -  
quency domain, where s h i f t s  i n  t h e  peak can b e  n e g l e c t e d ,  and t h e n  
t r a n s p o s i n g  t h e  f i n a l  mean r e s u l t  back i n t o  t ime domain may prove t o  be  
a  b e t t e r  t e c h n i q u e  f o r  d e a l i n g  w i t h  n o n s t a t i o n a r i t i e s  than  j u s t  normal- 
i z i n g  each p iecewise  c o r r e l a t i o n  curve .  

Another t e n t a t i v e  c o n c l u s i o n  is t h a t  e r r o r  c r i t e r i a  can b e  es t ab-  
l i s h e d  o n l y  a f t e r  p l o t t i n g  t h e  e r r o r  curves  f o r  b o t h  accumula t ive  and 
mean g a i n  and phase ,  and comparing t h e  a b s o l u t e  e r r o r  w i t h  t h e  r e l a t i v e  
e r r o r .  The p r e s e n t  e r r o r  curves  should a l l o w  t h e  s e p a r a t i o n  of environ-  
mental  v a r i a t i o n s  of g a i n  and phase. 
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CHAPTER V I I  

CORRELATION CURVES OF RETROACTIVELY FILTERED DATA 

J .  Br i scoe  Stephens  and John M.  L o c k l i n  
NASA - Marsha l l  Space F l i g h t  Cen te r ,  Alabama 

SUMMARY 

A c o n c e p t  f o r  r e t r o a c t i v e l y  f i l t e r i n g  a  c o r r e l a t i o n  c u r v e  i s  d i s -  
cussed and t h e  r e s u l t s  g iven .  Normally,  t h e  d a t a  a r e  f i l t e r e d  b e f o r e  
b e i n g  c o r r e l a t e d  w i t h  t h e  n e t  r e s u l t  t h a t ,  i f  t h e  l i m i t s  you have s e t  
f o r  your h igh  and low pass  f i l t e r s  a r e  n o t  s u i t a b l e ,  t h e  d a t a  must  b e  
comple te ly  r e p r o c e s s e d .  S i n c e  t h e  d a t a  must  be  e i t h e r  d i g i t i z e d  o r  
p rocessed  th rough  a  d i g i t a l  f i l t e r  and t h e n  r e c o r r e l a t e d ,  t h e  t ime  l o s t  
i s  c o n s i d e r a b l e .  Bes ides ,  when t h e  d a t a  have been r e p r o c e s s e d ,  t h e r e  is 
no  a s s u r a n c e  t h a t  t h e  f i l t e r s  a r e  s t i l l  c o r r e c t l y  s e t .  F u r t h e r ,  t h i s  
p rocess  t ends  t o  make f i l t e r i n g  of d a t a  i n  n e a r - r e a l - t i m e  wind measure- 
ments of  l i m i t e d  v a l u e .  

Th i s  c h a p t e r  demons t ra tes  t h e  u s e  of r e t r o a c t i v e  f i l t e r i n g  t o  pro-  
duce q u i c k l y  f i l t e r e d  c o r r e l a t i o n  curves  from u n f i l t e r e d  d a t a .  This  i s  
done by F o u r i e r  t r ans fo rming  t h e  c o r r e l a t i o n  c u r v e s  i n t o  t h e  s p e c t r a ,  
choos ing  t h e  f requency  range  of  i n t e r e s t  ( o m i t t i n g  any  i n s t r u m e n t  n o i s e  
f r e q u e n c i e s ) ,  and then  F o u r i e r - t r a n s f o r m i n g  t h e  s p e c t r a  back  i n t o  t h e  
t ime  domain. 

NOMENCLATURE 

INDEPENDENT VARIABLES 

Symbol D e f i n i t i o n  

t t o t a l  o b s e r v a t i o n  t ime  

T  t o t a l  i n t e g r a t i o n  t ime 



DEPENDENT VARIABLES 

x  ( t )  

Y (t-') 

ri('> 

Def in i t i on  

l eng th  of time f o r  each p iece  - -  the  whole 
d a t a  record i s  subdivided i n t o  p ieces  f o r  
d a t a  processing 

p iece  number 

t o t a l  number of p ieces  of d a t a  i n t e g r a t e d  
over (m = TIAT) 

frequency 

time l ag  between the  two s i g n a l s  

maximum time l ag  

s i g n a l  time h i s t o r y  f o r  a  sensor  

delayed time h i s t o r y  f o r  a second sensor  

covariance of the  i t h  p i ece  of d a t a  a t  time l a g  T 

accumulative covariance average over the  f i r s t  
i t h  p iece  of d a t a  

accumulative covariance average over the  e n t i r e  
i n t e g r a t i o n  time 

i s  the s t a t i s t i c a l  e r r o r  of the covariance 

co-spec t ra  ( r e a l  p a r t )  

quad-spectra  (imaginary p a r t )  

g a i n ,  G~ = c2 + Q' 
mean g a i n  over m pieces  of d a t a  

accumulative ga in  over m p ieces  of d a t a  

mean s t a t i s t i c a l  e r r o r  of the g a i n  

accumulative s t a t i s t i c a l  e r r o r  of the g a i n  



the  Four ie r  t ranspose  of the s p e c t r a  t o  the 
c o r r e l a t i o n  curve w i l l  have the s u b s c r i p t s  of 
those s p e c t r a  components used 

r (T)  = r (-T) t h i s  is  the  cross-covariance ( subsc r ip t  xy 
YX XY i n d i c a t e s  p o s i t i v e  time l ags  and yx i n d i c a t e s  

nega t ive  time l ags  

OPERATORS 

s t a t i s t i c  

i&C - 1 
( ) i  = J (  ) d t  piecewise mean (note:  when average done over 

r e a l  time or  time l a g ,  the  symbol < > is used 
( i - l ) B  

k  

<( = I i  accumulative mean where k  i s  the  k t h  p iece  of 
d a t a  (when average over p ieces)  

i=l 

- - - 
( = < (  Ikzm> t o t a l  accumulative mean 

P 

<( )k>2 = - k - 1  ( O i -  O k ) '  s t a t i s t i c a l  e r r o r  

i=l 

<(  )> = F C<( )>I  the  symbols used i n  the  time domain w i l l  be 
t r a n s f e r r e d  i n t o  t he  frequency domain showing 
the  o r i g i n  of the  terms 

V I I . 1  FORMULATION 

The concept of r e t r o a c t i v e  f i l t e r i n g  i s  s t r a igh t fo rward .  The co r r e -  
l a t i o n  curve i s  Fourier- t ransformed i n t o  t h e  frequency domain s o  t h a t  the 
unwanted f requenc ies  can be removed. Once these  f requenc ies  a r e  removed, 
t he  s p e c t r a  a r e  then Fourier- t ransposed back i n t o  t h e  time domain s o  t h a t  
the  c o r r e l a t i o n  curve no longer contains  the  undesired frequency components 
t h a t  t h e  o r i g i n a l  curve had. 



The o r i g i n a l  covariance curve i s  obtained by 

This curve i s  then Fourier- t ransposed inco the frequency domain by con- - - - - 
s i d e r i n g  the  co-spec t ra  C ( f )  and quad-spectra Q ( f )  ind iv idua l ly :  

a  

= r x y ( T )  + r T 1 cos 2 n  f a  da, 
Y* 

and 

a  m - - 
Q ( f )  =J [ r X y ( i )  - r (T) ]  s i n  2n f~ da. 

YX 

- - 
It fol lows t h a t  the modulus of t he  ga in  G ( f )  i s  

and the phase angle i s  

- - - -5ZL @(f)  = a r c t a n  - . 
C(f)  

The ca l cu la t ions  a r e  performed by the computer program given i n  Appendix I. 

The t ranspose of the  spectrum back i n t o  the time domain i s  g iven  by 

f  
- - 

r= =(TI  = T= cos [ 2 n  f~ + @(f)  1 d f .  (6)  
G @ 

'min 



The f r e q u e n c i e s  i n t e g r a t e d  over  i n  e q u a t i o n  (6)  s e t  t h e  r e a c t i v e  
f i l t e r .  For example, i f  t h e  r e a c t i v e  f i l t e r  i s  used t o  s e t  a  band p a s s ,  
on ly  t h o s e  f r e q u e n c i e s  w i t h i n  t h e  d e s i r e d  band pass a r e  t r ansposed  back 
i n t o  t h e  t ime domain; i . e . ,  fmin  and fmax a r e  s e t  a t  t h e  upper and lower 
l i m i t s  o f  t h e  band pass .  This means b a s i c a l l y  t h a t  t h e  c o r r e l a t i o n  
c u r v e  a r r i v e d  a t  by t h i s  p r a c t i c e  c o n t a i n s  o n l y  t h o s e  f r e q u e n c i e s  w i t h i n  
a  g i v e n  band pass .  A second form of f i l t e r i n g  is sometimes d e s i r e d :  
no tch  f i l t e r i n g ,  which is used t o  remove a  v e r y  narrow band pass  from 
t h e  d a t a .  With t h e  r e a c t i v e  f i l t e r ,  a  narrow band pass is  removed by 
n o t  i n t e g r a t i n g  over  t h e s e  f r e q u e n c i e s .  

The n e x t  s e c t i o n  w i l l  examine how t h e  concep t  of r e t r o a c t i v e  f i l t e r -  
i n g  works i n  p r a c t i c e .  This c a n  be  performed us ing  t h e  computer program 
g i v e n  i n  Appendix 11. 

V I I -  2. RESULTS 

The g e n e r a l  procedure  of r e t r o a c t i v e  f i l t e r i n g  on a  c o r r e l a t i o n  
c u r v e  i s  summarized from d a t a  w i t h  a  broad band pass  (0.01 t o  4 .0  c p s ) .  

The f i r s t  c a s e  t o  be  cons idered  i s  t h e  use  of r e t r o a c t i v e  f i l t e r -  
ing  t o  s e t  t h e  band pass .  The o r i g i n a l  c o r r e l a t i o n  c u r v e  c o n t a i n s  f r e -  
quenc ies  up t o  4 .0  cps .  A s  can be  s e e n  i n  f i g u r e  V I I .  l a ,  t h e r e  is a  
g r e a t  d e a l  of n o i s e  on t h i s  c u r v e .  The n o i s e  f r e q u e n c i e s  a r e  e s t i m a t e d  
t o  be  between 1 . 0  and 2.0 c p s .  F i g u r e  V I I . l b  shows what happens when t h e  
upper f requency  is reduced from 4 . 0  cps  t o  2.0 cps .  The n e t  r e s u l t  is 
t h a t  t h e  c o r r e l a t i o n  c u r v e  is  a lmos t  unchanged, implying t h a t  t h e  r e g i o n  
from 2.0 t o  4.0 cps  had l i t t l e  e f f e c t  on t h e  curve .  (This c u r v e  w i l l  be  
used a s  t h e  b a s i s  f o r  t h e  n o t c h  f i l t e r i n g . )  

When t h e  upper f requency l i m i t  was s e t  t o  1 . 0  c p s ,  t h e  c u r v e  i n  f i g -  
u re  V I I . , l c  r e s u l t e d .  One can observe  how w e l l  t h e  r e t r o a c t i v e  f i l t e r i n g  
has removed t h e  n o i s e  on t h e  curve .  

A  second example of l i m i t i n g  t h e  band pass  of t h e  c o r r e l a t i o n  c u r v e  
by r e a c t i v e  f i l t e r i n g  is shown i n  f i g u r e  VII .2 .  The top  c o r r e l a t i o n  c u r v e  
has an  upper f requency l i m i t  of 4.0 c p s ,  and when t h e  upper l i m i t  i s  
reduced t o  1 .0  c p s ,  t h e  bottom c o r r e l a t i o n  c u r v e  r e s u l t e d .  It is  of 
i n t e r e s t  t o  n o t e  how, i n  t h i s  c a s e ,  r e a c t i v e  f i l t e r i n g  a c t u a l l y  improved 
t h e  l a r g e  peak i n  t h e  c o r r e l a t i o n  curve .  

A second type  of f i l t e r i n g  commonly used i s  no tch  f i l t e r i n g .  When 
t h e  d a t a  a r e  d i g i t i z e d ,  c e r t a i n  f r e q u e n c i e s  a r e  in t roduced  i n  t h i s  pro- 
c e s s  -- i f  t h e  s i g n a l  l e v e l  i s  low --  t h a t  cannot  be  e l i m i n a t e d  by ana log  
f i l t e r i n g .  R e t r o a c t i v e  f i l t e r i n g  is  a  means of e l i m i n a t i n g  t h i s  n o i s e .  



I n  t h e  f i r s t  c a s e  (F igure  V I I . l )  t h e  n o i s e  was e l i m i n a t e d  by t h e  " b r u t e  
fo rce"  method of l i m i t i n g  t h e  upper f requency t o  j u s t  below t h e  d i g i t i z a -  
t i o n  n o i s e .  The d i sadvan tage  w i t h  t h i s  approach i s  t h a t  t h e  in format ion  
from f r e q u e n c i e s  g r e a t e r  than  1 . 0  cps i s  l o s t .  Thus, i d e a l l y  we would 
l i k e  j u s t  t o  n o t c h - f i l t e r  t h e  d i g i t i z a t i o n  n o i s e .  The top  c u r v e  i n  F ig -  
u r e  VL1.3 was n o t c h - f i l t e r e d  i n  t h e  t h r e e  d i g i t i z a t i o n  n o i s e  f r e q u e n c i e s ;  
i . e . ,  t h o s e  t h r e e  f r e q u e n c i e s  were removed. The bottom c u r v e  r e s u l t e d .  
By i n c r e a s i n g  t h e  bandwidth of t h e s e  no tch  f i l t e r s  from 0.01 cps  t o  
0 .03 c p s ,  t h e  d i g i t i z a t i o n  n o i s e  can be comple te ly  removed. 

VII-3. CONCLUSIONS 

R e t r o a c t i v e  f i l t e r i n g  has  smoothed t h e  c o r r e l a t i o n  curve.  The 
pr imary advantages  t o  r e t r o a c t i v e  f i l t e r i n g  a r e  t h a t  i t  can be  done on 
s m a l l  computers w i t h o u t  r e p r o c e s s i n g  t h e  d a t a  and i t  s a v e s  turn-around 
t ime. R e t r o a c t i v e  f i l t e r i n g  is  i d e a l  f o r  s t u d i e s  i n  t h e  r e g i o n s  of t h e  
spectrum which c o n t r i b u t e  t o  t r a n s i t  t ime measurements. 

The p r i n c i p a l  d i s a d v a n t a g e  t o  r e a c t i v e  f i l t e r i n g  is  t h a t  harmonics 
of t h e  n o i s e  w i l l  s t i l l  remain i n  t h e  r e s u l t s  u n l e s s  t h e y  a r e  a l s o  
removed, a l t h o u g h  i n  p r a c t i c e  t h e  harmonic e f f e c t  can never  be com- 
p l e t e l y  e l i m i n a t e d .  I n  s p i t e  of t h i s  d i sadvan tage ,  i t  i s  s t i l l  b e l i e v e d  
t h a t  r e t r o a c t i v e  f i l t e r i n g  i s  of g r e a t  v a l u e  i n  c o r r e l a t i o n  d a t a  a n a l y s i s  
and can be used i n  l i n k  3 of t h e  MULTCOR program t o  make cross-beam 
a n a l y s i s  f a s t e r  and more e f f e c t i v e .  
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CHAPTER V I I I  

THE RELIABILITY COEFFICIENT FOR CROSS-COVARIANCE 

J .  B r i s c o e  Stephens and Benjamin C .  H a b l u t z e l  
NASA - Marsha l l  Space F l i g h t  Cen te r ,  Alabama 

SUMMARY 

The c o n c e p t  f o r  t h e  r e 1  i a b i l i t y  c o e f f i c i e n t  o f  a c o v a r i a n c e  c u r v e  
has been developed t o  improve t h e  p rev ious  methods f o r  i d e n t i f y i n g  a  
peak th rough  c o n f i d e n c e  l e v e l s  which employ a n  a r b i t r a r i l y  chosen 
p r o b a b i l i t y .  

The t e c h n i q u e  d e s c r i b e d  i n  t h i s  Chapter  d i f f e r s  from t h e  t e c h n i q u e  
t r a d i t i o n a l l y  used f o r  peak i d e n t i f i c a t i o n  i n  t h a t ,  r a t h e r  t h a n  s e t t i n g  
a n  a r b i t r a r y  p r o b a b i l i t y ,  t h e  p r o b a b i l i t y  is  now determined a s  a  f u n c t i o n  
of t h e  s t a t i s t i c a l  e r r o r  and t h e  c o v a r i a n c e  c o e f f i c i e n t .  For l a c k  of a  
b e t t e r  term, t h i s  f u n c t i o n  has been d e f i n e d  a s  t h e  r e l i a b i l i t y  c o e f f i c i e n t .  

The p h y s i c a l  s  i g n i f  i c a n c e  and t h e  r e l i a b i l i t y  c o e f f i c i e n t  a r e  d i s -  
cussed i n  terms of a  s t a t i o n a r y  model. R e s u l t s  from t h e  a p p l i c a t i o n  of  
t h e  r e l i a b i l i t y  concep t  t o  a c t u a l  a tmospher ic  cross-beam d a t a  a r e  
d i s c u s s e d .  

NOMENCLATURE 

INDEPENDENT VARIABLES 

Symb o  1 D e f i n i t i o n  

t t o t a l  o b s e r v a t i o n  t ime 

T t o t a l  i n t e g r a t i o n  t ime  

l e n g t h  of t ime f o r  each p i e c e  - -  t h e  whole d a t a  
r ecord  is  subd iv ided  i n t o  p i e c e s  f o r  d a t a  pro-  
c e s s i n g .  



D e f i n i t i o n  

i p i e c e  number 

t o t a l  number of p i e c e s  of d a t a  i n t e g r a t e d  over  
(m = TIAT) 

f  f requency 

T t ime l a g  between t h e  two s i g n a l s  

'm maximum time l a g  

DEPENDENT VARIABLES 

x  ( t >  s i g n a l  t ime h i s t o r y  f o r  t h e  s e n s o r  

d e l a y  t ime h i s  t o r y  f o r  t h e  second s e n s o r  

c o v a r i a n c e  c o e f f i c i e n t  of t h e  i t h  p i e c e  o f  d a t a  
a t  t ime l a g  7 

accumula t ive  c o v a r i a n c e  average  over  t h e  e n t i r e  
i n t e g r a t i o n  t ime 

s t a t i s t i c a l  e r r o r  of t h e  c o v a r i a n c e  

P( tp ,m,  7 )  r e l i a b i l i t y  f o r  a  t ime d e l a y  

OPERATORS 

( 1  s t a t i s t i c  

i AT 

( ) i  = 1 1 ( ) d t  p iecewise  mean (Note: when average  done over  
L C  r e a l  t ime  o r  l a g ,  t h e  symbol < > is used .) 

(i-1)AT 

k 
accumula t ive  mean where k i s  t h e  k t h  p i e c e  of 
d a t a  (when averaged over  p i e c e s )  

- - - 
( > = < (  lkZm> t o t a l  accumula t ive  mean 



D e f i n i t i o n  

P 

s t a t i s t i c a l  e r r o r .  

V I I I - 1 .  INTRODUCTION 

The concep t  of a r e l i a b i l i t y  c o e f f i c i e n t  f o r  t h e  e v a l u a t i o n  of 
c r o s s - c o v a r i a n c e  curves  ob ta ined  from a tmospher ic  cross-beam measure- 
ments i s  developed i n  t h i s  c h a p t e r .  The r e l i a b i l i t y  concept  is a  new 
way of viewing t h e  t r a d i t i o n a l  peak i d e n t i f i c a t i o n  procedure ,  which 
uses  a n  a r b i t r a r y  p r o b a b i l i t y  l e v e l  based on t e s t  r e s u l t s .  The pro- 
cedure  d e s c r i b e d  h e r e  r e q u i r e s  t h a t  t h e  maximum p o s i t i v e  peak i n  t h e  
c o v a r i a n c e  c u r v e  ( t h e  mean covar iance)  be  g r e a t e r  than  t h e  s t a t i s t i c a l  
e r r o r .  When t h i s  s t i p u l a t i o n  i s  f u l f i l l e d ,  t h e  t ime l a g  cor responding  
t o  t h i s  peak is d e f i n e d  a s  t h e  t r a n s i t  t ime.  This i s  t h e  l apsed  t ime 
used by t h e  t u r b u l e n c e  eddy i n  t r a v e r s i n g  t h e  d i s t a n c e  between t h e  beams 

When an  a r b i t r a r y  p r o b a b i l i t y  l e v e l  is used,  v a l i d i t y  of t h e  c o r r e -  
l a t i o n  curves  i s  ob ta ined  a s  a  b i n a r y  r e s p o n s e  and n o t  a s  a  r e l a t i v e  
measurement. Comparison of t h e  s t a t i s t i c a l  e r r o r  a t  d i f f e r e n t  t ime l a g s  
does n o t  de te rmine  which t ime l a g  is  more s t a t i s t i c a l l y  s i g n i f i c a n t .  
This f a c t  means t h a t  t h e  c u r r e n t  approach does n o t  a f f o r d  a  s y s t e m a t i c  
means t o  compare d i f f e r e n t  p a r t s  of t h e  same c o r r e l a t i o n  curve .  F u r t h e r -  
more, t h e  v a r i a b i l i t y  of t h e  exper imental  parameters  from t e s t  t o  t e s t  
p r o h i b i t s  t h e  use  of marg ina l  c o r r e l a t i o n  r e s u l t s  s i n c e  t h e  u s e  of a n  
a r b i t r a r y  p r o b a b i l i t y  l e v e l  r e q u i r e s  a n  e x t r a  s a f e t y  f a c t o r  t o  account  
f o r  a l l  t e s t  c o n d i t i o n s .  

The r e l i a b i l i t y  c o e f f i c i e n t  being proposed h e r e  a f f  ords  a r e l a t i v e  
e v a l u a t i o n  of t h e  r e l i a b i l i t y  of t h e  c o r r e l a t i o n  c u r v e  based on b o t h  t h e  
sample p o p u l a t i o n  and t h e  s t a t i s t i c a l  e r r o r .  This  r e l a t i v e  e v a l u a t i o n  
r e s u l t s  i n  t h e  p o s s i b l e  e l i m i n a t i o n  of t h e  l i m i t a t i o n s  of t h e  a r b i t r a r y  
p r o b a b i l i t y  l e v e l s  when t h e  r e l i a b i l i t y  c o e f f i c i e n t  is used a s  t h e  key 
c r i t e r i o n  f o r  e v a l u a t i n g  t h e  c o n s i s t e n c y  of t h e  c o r r e l a t i o n  r e s u l t s .  
The same i n f o r m a t i o n  can  be ob ta ined  d i r e c t l y  from t h e  r e l i a b i l i t y  
p r o b a b i l i t y  used w i t h  a r b i t r a r y  p r o b a b i l i t y  l e v e l s .  

It is hoped t h a t  t h i s  approach can account  f o r  p iecewise  v a r i a t i o n s  
i n  b o t h  t h e  t r a n s i t  t ime and t h e  ampl i tude  of t h e  peak. It shou ld  be  
recognized t h a t  t h i s  is merely  a  proposed approach and n o t  a  s o l u t i o n  
t o  t h e s e  problems. 



This  c h a p t e r  assumes t h a t  t h e  r e a d e r  is f a m i l i a r  w i t h  b o t h  t h e  c o r r e -  
l a t i o n  t e c h n i q u e  ( J a y r o e  and Su [VI I I -11)  and t h e  a tmospher ic  cross-beam 
program (S tephens ,  Sandborn, and Montgomery [VI I I -21) .  

VIII -2 .  THEORETICAL DEVELOPMENT 

The s t a t i s t i c a l  e r r o r  of t h e  c o v a r i a n c e  can  b e  i n t e r p r e t e d  phys i- 
c a l l y ,  a s  f o l l o w s ,  r a t h e r  than  mathemat ica l ly .  

The a c c u m u l a t i v e  c o v a r i a n c e  i s  d e f i n e d  a s  

where x and y  a r e  t h e  i n s t a n t a n e o u s  f l u c t u a t i o n s  of t h e  s i g n a l ,  and 7 
a r e  t h e  a c c u m u l a t i v e  mean v a l u e s ,  T  i s  t h e  t o t a l  i n t e g r a t i o n  t ime,  t i s  
t h e  r e a l  t i m e  measurement from t h e  s t a r t  of t h e  r e c o r d ,  and z  i s  t h e  
t ime  d e l a y .  

The s t a t i s t i c a l  e r r o r  k ( z )  f o r  t h e  c o v a r i a n c e  i s  

where m is t h e  number of p i e c e s  of d a t a  used ,  r i ( 7 )  is  t h e  i t h  c o v a r i a n c e  
o c c u r r i n g  a t  t h e  t ime  d e l a y  7, and is  t h e  r e s u l t i n g  accumula t ive  
c o v a r i a n c e  f o r  t h e  mth p i e c e  of  d a t a .  

When u s i n g  t h e  s  ta t i s  t i c a l  e r r o r  f o r  p rov id ing  a  con£ idence  l i m i t ,  
i t  is r e q u i r e d  t h a t  

f o r  t h e  c o v a r i a n c e  c o e f f i c i e n t  t o  b e  s i g n i f i c a n t .  This  S t u d e n t ' s  "t" of  
80%, tp=80%, i m p l i e s  a  p r o b a b i l i t y  l e v e l  of 80 p e r c e n t .  There  a r e  t h r e e  



c a t e g o r i e s  i n t o  one of which a  c o v a r i a n c e  c o e f f i c i e n t  can f a l l  by t h e  
scheme s e t  f o r t h  by t h i s  l a s t  r e s t r i c t i o n .  The c o v a r i a n c e  c o e f f i c i e n t  
a t  a  t ime l a g  can be  l e s s  t h a n ,  g r e a t e r  than ,  o r  equal  t o  t h e  s t a t i s -  
t i c a l  e r r o r .  

When t h e  s t a t i s t i c a l  e r r o r  is  g r e a t e r  than  t h e  c o v a r i a n c e  c o e f -  
f i c i e n t ,  i . e . ,  

then  we s a y  t h a t  t h i s  i s  n o t  an a c c e p t a b l e  measurement. However, a  
measurement i s  s t a t i s t i c a l l y  s i g n i f i c a n t ,  i . e . ,  

- - - - 
i f  t h e  average  ( ) exceeds i t s  own s t a n d a r d  e r r o r  A( ) .  

The t h i r d  c a t e g o r y  i s  t h e  one where t h e  s t a t i s t i c a l  e r r o r  is equa l  
t o  t h e  c o v a r i a n c e  c o e f f i c i e n t :  

This r e l a t i o n s h i p  i m p l i e s  t h a t  t h e r e  e x i s t s  a n  80 p e r c e n t  p r o b a b i l i t y  
t h a t  t h e  sample and t h e  expected v a l u e  of t h e  c o v a r i a n c e  have t h e  same 
s i g n .  

Thus, when t h e  c o v a r i a n c e  c o e f f i c i e n t  of a  p o s i t i v e  c o v a r i a n c e  
sample equa l s  t h e  s t a t i s t i c a l  e r r o r ,  then we have a  r e l a t i o n  f o r  t h e  
p r o b a b i l i t y  o f  having a  p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t .  This r e l a -  
t i o n  i s  

where t h e  p r o b a b i l i t y  l e v e l ,  p, i s  t h e  unknown. However, t h i s  unknown 
i s  r e l a t e d  t o  t h e  known conf idence  f a c t o r  

by t h e  s t u d e n t ' s  "t" d i s t r i b u t i o n .  



The p r o b a b i l i t y  l e v e l  r e q u i r e d  t o  s a t i s f y  t h e  S t u d e n t u s  "t" r e l a -  
t i o n s h i p  g i v e n  i n  e q u a t i o n  (8) i s  

The r e s u l t  f o r  P ( t  , m , ~ )  w i l l  b e  d e f i n e d  a s  t h e  " r e l i a b i l i t y  c o e f f i c i e n t . "  
Although t h e  r e l i a ~ i l i t y  p r o b a b i l i t y  was developed f o r  t h e  c r o s s - c o v a r -  
i a n c e ,  i t  i s  e q u a l l y  a p p l i c a b l e  t o  p iecewise  d e r i v a t i o n s  of  any o t h e r  
s t a t i s t i c s .  The S t u d e n t '  s  "t" d i s t r i b u t i o n  was used because  t h e  samples  
under c o n s i d e r a t i o n  a r e  normal ly  s m a l l  (m < 30) .  For l a r g e r  p i e c e  
numbers, t h e  normal d i s t r i b u t i o n  might  be  used ,  i . e . ,  t h e  r e l i a b i l i t y  
c o e f f i c i e n t  becomes independent  of t h e  number of p i e c e s  used.  

VIII -3 .  APPLICATION OF THE RELIABILITY 
TO THE STATIONARY COVARIANCE CURVE 

The v a r i a t i o n  of t h e  r e l i a b i l i t y  c o e f f i c i e n t  w i t h  t ime l a g  c a n  b e  
used t o  a f f o r d  a  more meaningful  peak i d e n t i f i c a t i o n  t echn ique  because:  

(1 )  The r e l i a b i l i t y  c u r v e  p rov ides  a  s y s t e m a t i c  p rocedure  
t o  e s t a b l i s h  t h e  r e l a t i v e  r e l i a b i l i t y  of d i f f e r e n t  
p o r t i o n s  of t h e  same c o v a r i a n c e  c u r v e .  

(2)  The r e l i a b i l i t y  c u r v e  can  b e  used f o r  e s t i m a t i n g  t h e  
n o i s e  l e v e l  t o l e r a n c e .  

(3)  The r e l i a b i l i t y  c o e f f i c i e n t  a c c u r a t e l y  accoun t s  f o r  
t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  s m a l l  sample s i z e  by 
employing t h e  S t u d e n t ' s  " t" d i s t r i b u t i o n .  

Before  d i s c u s s i n g  t h e  p r o p e r t i e s  of t h e  r e l i a b i l i t y  c o e f f i c i e n t ,  
we must f i r s t  review a d d i t i o n a l  c h a r a c t e r i s  t i c s  of b o t h  t h e  c o v a r i a n c e  
and s t a n d a r d  e r r o r .  

The l i m i t a t i o n  i n  computer s t o r a g e  p r o h i b i t s  t h e  i n t e g r a t i o n  of t h e  
c o v a r i a n c e  ( e q u a t i o n  ( 1 ) )  over  t h e  e n t i r e  r e c o r d  a t  one t ime. T h e r e f o r e ,  
t h e  r e c o r d  i s  subd iv ided  i n t o  m p i e c e s  a t  l e n g t h  AT such  t h a t  

T = m AT. (10) 



For each p i ece ,  a  piecewise covariance c o e f f i c i e n t  r ( ~ ) ~ ,  where i i s  
the p iece  number, i s  obtained.  Then the  accumulative covariance coef-  

f i c i e n t  r ( ~ ) ~  f o r  the  e n t i r e  record i s  

Thus, t h e  s t a t i s t i c a l  e r r o r  D ( T )  defined i n  equat ion ( I )  i s  the  e f f ec -  
t i v e  measure of how the piecewise covariance v a r i e s  about t h e  - 
accumulative covariance r ( ~ ) , .  The primary physical  requirement of t h e  
c o r r e l a t i o n  technique i s  t h a t  t he  phenomenon being measured i s  r e c u r r i n g .  
Thus, the  cons i s  tency of c e r t a i n  piecewis e  covariance c o e f f i c i e n t s  i s  
the  necessary property (implied by the  requirements of t he  c o r r e l a t i o n  
technique) t h a t  enables us t o  r e t r i e v e  temporal information.  The 
r e l i a b i l i t y  i s  nothing more than an  es t imate  of t h i s  cons i s  tency . 

To expand on the  s i g n i f i c a n c e  and a p p l i c a t i o n  of t h i s  requirement 
of cons i s  tency, l e t  us cons ider  t he  following argument. This argument 
w i l l  be r e s t r i c t e d  t o  s t a t i o n a r y  da t a  obtained from the  convect ion of 
a  f rozen p a t t e r n  a t  a  cons t an t  speed such t h a t  the  eddies t r a v e r s e  t h e  
t r a n s i t  d i s t a n c e  between t h e  two beams i n  a  t r a n s i t  time, T ~ .  The 
piecewise covariance c o e f f i c i e n t  a t  t h e  time de lay  zs should be 

and w i l l  be r e f e r r ed  t o  a s  " the  covariance due t o  t h e  s igna l . "  The 
remaining covariance c o e f f i c i e n t s ,  r '  ( T ~ )  ( t h e  prime ind ica t e s  a l l  
time delays o ther  than when T = T ~ ) ,  can have values between 

and w i l l  be r e f e r r ed  t o  a s  " the  covariance due t o  t h e  noise." (For ease 
of d i scuss ion ,  t h e  s i g n a l  component i s  defined a s  a  s p i k e  i n  t h e  covar- 
iance  curve.  This does not  r e s t r i c t  the  e f f e c t  of t h i s  d i scuss ion . )  



For random s t a t i o n a r y  d a t a ,  t h e  s i g n a l  component of t h e  accumu- 
l a t i v e  c o v a r i a n c e  c u r v e  has  t h e  fo l lowing  p r o p e r t y :  

0 < l i m  r ( ~ ~ )  = c o n s t a n t  5 1, 
m +acl 

w h i l e  t h e  n o i s e  component has  t h e  p r o p e r t y  t h a t  

Th i s  p r o p e r t y  has  t h e  r e s u l t a n t  i m p l i c a t i o n  t h a t  t h e  peak i n  t h e  covar -  
i a n c e  c u r v e  due t o  t h e  s i g n a l  remains a t  approx imate ly  t h e  same t i m e  
l a g  from p i e c e  t o  p i e c e ,  b u t  a  peak i n  t h e  p i e c e w i s e  c o v a r i a n c e  due t o  
n o i s e  w i l l  b e  moving from p i e c e  t o  p i e c e .  P rev ious  peak i d e n t i f i c a t i o n  
e f f o r t s  thus  assumed t h a t  t h e  peak cor respond ing  t o  t h e  c o n v e c t i o n  speed 
i n  t h e  accumula t ive  c o v a r i a n c e  c u r v e  can b e  d i f f e r e n t i a l  from a  peak of 
equa l  magni tude due t o  n o i s e  by us ing  t h e  s t a t i s t i c a l  e r r o r  of t h e  
c o v a r i a n c e ,  s i n c e  t h e  s t a t i s t i c a l  e r r o r  of t h e  s i g n a l  peak is  l e s s  than  
t h e  s t a t i s t i c a l  e r r o r  due t o  t h e  n o i s e  peak. A more s o p h i s t i c a t e d  
approach  i s  r e q u i r e d  i n  p r a c t i c e  because  of f i n i t e  i n t e g r a t i o n  t imes 
and because  of  t h e  v a r y i n g  magnitudes of  t h e  peaks i n  t h e  c o v a r i a n c e  
c u r v e .  

The r e l i a b i l i t y  concep t  a f  f o r d s  a n  approach which shou ld  c i rcumvent  
t h e s e  problems. To unders tand t h e  behav io r  of t h e  r e l i a b i l i t y  coef  f i -  
c i e n t ,  l e t  us c o n s i d e r  t h e  fo l lowing  ( s e e  eqs .  (7 )  and (8 ) ) :  A l a r g e  
r e l i a b i l i t y  c o e f f i c i e n t  a t  a  t ime  d e l a y  means t h a t  t h e  c o v a r i a n c e  c o e f -  
f i c i e n t  has  t h e  same s i g n  from p i e c e  t o  p i e c e ;  whereas ,  a  s m a l l  r e l i a b i l -  
i t y  c o e f f i c i e n t  means t h a t  t h e  c o v a r i a n c e  c o e f f i c i e n t  a t  t h a t  t ime  d e l a y  
i s  o s c i l l a t i n g  from p i e c e  t o  p iece .  These o s c i l l a t i o n s  a r e  t h e  c h a r a c -  
t e r i s t i c s  of n o i s e  and i t  is  thus  a p p a r e n t  t h a t  t h e  s i g n a l  shou ld  have 
a  h i g h e r  r e l i a b i l i t y  t h a n  t h e  n o i s e ,  once a  s u f f i c i e n t  sample of t h e  
p o p u l a t i o n  has  been o b t a i n e d .  Thus, t h e  r e l i a b i l i t y  c u r v e  a f f o r d s  a  
method t h a t ,  a l o n g  w i t h  t h e  c o v a r i a n c e  c u r v e ,  can  p e r m i t  t h e  s i g n a l  t o  
b e  d i s t i n g u i s h e d  from t h e  n o i s e  i n  t h e  c u r v e  b e f o r e  t h e  n o i s e  has  been 
comple te ly  s u p p r e s s e d .  



The above d i s c u s s i o n  can be  extended t o  s e t  a  n o i s e  t o l e r a n c e  by 
us ing a  knowledge of t h e  beam geometry and t h e  wind d i r e c t i o n .  With 
t h i s  knowledge, one can de te rmine  whether t h e  t r a n s i t  t ime shou ld  be  
a  p o s i t i v e  o r  n e g a t i v e  t ime l a g .  The s i g n a l  h a l f - p l a n e  w i l l  be d e f i n e d  
a s  t h e  h a l f - p l a n e  of t h e  c o v a r i a n c e  c u r v e  i n  which t h e  t r a n s i t  t ime  
must e x i s t .  The o t h e r  h a l f - p l a n e  i s  t h e  n o i s e  h a l f - p l a n e ,  s i n c e  any 
peak e x i s t i n g  i n  t h i s  h a l f - p l a n e  w i l l  b e  assumed t o  b e  due t o  n o i s e .  
The maximum r e l i a b i l i t y  c o e f f i c i e n t  which e x i s t s  i n  t h e  n o i s e  h a l f -  
p lane  i s  then  a  measure of t h e  minimum a c c e p t a b l e  c o n f i d e n c e  l e v e l ,  
and w i l l  thus  g i v e  t h e  n o i s e  t o l e r a n c e .  

This  approach obv ious ly  has  some shor tcomings ,  t h e  major one being 
a  p e r i o d i c  s i g n a l .  For a  p e r i o d i c  s i g n a l ,  t h e  n o i s e  h a l f - p l a n e  w i l l  
have a  r e l i a b i l i t y  equal  t o  t h e  sum of t h e  n o i s e  and t h e  s i g n a l .  Thus, 
i n  t h i s  c a s e ,  a  more complex formula  w i l l  have t o  be  used t o  o b t a i n  t h e  
n o i s e  l e v e l .  An example of such  a  formula i s  t o  s u b t r a c t  t h e  known 
s i g n a l  r e l i a b i l i t y  c o e f f i c i e n t  from t h e  maximum r e l i a b i l i t y  c o e f f i c i e n t  
e x i s t i n g  i n  t h e  n o i s e  h a l f - p l a n e .  The r e s u l t  i s  t h e  n o i s e  r e l i a b i l i t y  
l e v e l .  These problems should n o t  e x i s t  w i t h  a  broadband p r o c e s s ,  b u t  
i t  is always necessa ry  t o  know t h e  kind of process  t h a t  is be ing  meas- 
ured.  The above concep t s  a r e  thus  incomplete  and shou ld  be  t aken  a s  
a  b a s i s  f o r  a  new s y s t e m a t i c  approach t o  peak i d e n t i f i c a t i o n ,  n o t  a s  
a  f i n i s h e d  i d e n t i f i c a t i o n  c r i t e r i o n .  

To summarize t h e  a p p l i c a t i o n  of t h e  r e l i a b i l i t y  c o e f f i c i e n t  f o r  
s e t t i n g  t h e  n o i s e  t o l e r a n c e ,  l e t  us c o n s i d e r  t h e  fo l lowing  two a p p l i c a -  
t i o n s .  F i r s  t ,  f o r  ze ro  beam s e p a r a t i o n  (F igure  V I I I .  I ) ,  t h e  procedure  
f o r  t h e  i n t e r p r e t a t i o n  i s  a s  f o l l o w s .  The s i g n a l  i s  what occurs  around 
z e r o  t ime d e l a y .  A l l  o t h e r  peaks then  must be n o i s e  peaks.  I f  t h e  
n o i s e  r e l i a b i l i t y  c o e f f i c i e n t  is  l e s s  ( s e e  peak ( a ) )  than t h e  s i g n a l  
r e l i a b i l i t y  c o e f f i c i e n t ,  then t h e  c o v a r i a n c e  curve  can be mean ingfu l ly  
e v a l u a t e d ;  b u t  i f  t h e  n o i s e  r e l i a b i l i t y  c o e f f i c i e n t  i s  g r e a t e r  ( s e e  
peak ( b ) )  t h a n  t h e  s i g n a l  r e l i a b i l i t y  c o e f f i c i e n t ,  t h e n  i t  does n o t  
seem t o  b e  meaningful t o  a c c e p t  t h e s e  r e s u l t s .  (The c a s e  of a  p e r i o d i c  
s i g n a l  has  been omit ted .) 

The second a p p l i c a t i o n  i s  t o  t h e  measurement of a  wind speed (Fig-  
u r e  V I I I .  2 ) .  I n  t h i s  c a s e ,  t h e  s i g n a l  r ange  of t ime  l a g s  i s  s e t  by t h e  
range  of p o s s i b l e  wind speeds  d u r i n g  t h e  per iod of o b s e r v a t i o n .  Once 
t h i s  i s  e s t a b l i s h e d ,  t h e  same argument t h a t  was used i n  t h e  c a s e  of a  
z e r o  beam s e p a r a t i o n  a p p l i e s  h e r e .  I f  t h e  r e l i a b i l i t y  c o e f f i c i e n t  of 
t h e  s i g n a l  i s  n o t  g r e a t e r  than t h e  r e l i a b i l i t y  c o e f f i c i e n t  of t h e  n o i s e ,  
then  t h e  r e s u l t s  a r e  q u e s t i o n a b l e .  

The r e l i a b i l i t y  a f f o r d s  one f i n a l  f e a t u r e  t h a t  can  be  u s e f u l  f o r  
s e t t i n g  t h e  i n t e g r a t i o n  t imes .  When t h e  r e l i a b i l i t y  of t h e  s i g n a l  peak 
does n o t  i n c r e a s e  (or  i f  i t  d e c r e a s e s )  w i t h  a d d i t i o n a l  i n t e g r a t i o n  t ime,  



and i f  t h e  p r o b a b i l i t y  of n o i s e  does n o t  d e c r e a s e ,  then a d d i t i o n a l  
i n t e g r a t i o n  t ime w i l l  a f f o r d  no improvement i n  t h e  c o v a r i a n c e  curve .  
The advan tage  of t h i s  over  t h e  accumula t ive  e r r o r  c u r r e n t l y  used i s  
t h a t  i t  prov ides  c l o s e r  c o n t r o l .  That i s ,  t h e  accumula t ive  e r r o r  
moni to r s  o n l y  t h e  o v e r a l l  v a r i a t i o n ,  w h i l e  t h e  r e l i a b i l i t y  can  be  used 
t o  moni tor  s p e c i f i c  p,eaks and t o  de te rmine  how t h e  i n t e g r a t i o n  t ime  
a f f e c t s  t h e s e  peaks .  

VIII -4 .  APPLICATION OF THE PROBABILITY 
TO ACTUAL ATMOSPHERIC DATA 

I n  s e c t i o n  VII I -3  t h e  d i s c u s s i o n  was l i m i t e d  t o  s t a t i o n a r y  d a t a ,  
because  a t  b e s t  t h i s  approach l eaves  a  c e r t a i n  amount t o  c o n j e c t u r e .  
When d e a l i n g  w i t h  nons t a t i o n a r y  d a t a ,  t h e  amount of c o n j e c t u r e  i n c r e a s e s  ; 
t h e r e f o r e ,  t h e  power of t h e s e  concepts  w i l l  be  e m p i r i c a l l y  demonstra ted.  

The f i r s t  c a s e  shown i n  F i g u r e  V I I I . 3  is  a  model example of t h e  
u s e  of t h i s  p r o b a b i l i t y  concep t .  The peak i n  t h e  c o v a r i a n c e  c u r v e  a t  
-10 seconds  compares f a v o r a b l y  w i t h  t h e  wind speed.  The s i g n a l  peak 
of t h e  r e l i a b i l i t y  c o e f f i c i e n t  is a b o u t  99 p e r c e n t ,  w h i l e  t h e  maximum 
n o i s e  peak i s  o n l y  73 p e r c e n t .  The f a c t  t h a t  t h e  r e l i a b i l i t y  c o e f f i -  
c i e n t  of t h e  s i g n a l  is g r e a t e r  than t h e  r e l i a b i l i t y  c o e f f i c i e n t  of t h e  
n o i s e  i n d i c a t e s  t h a t  t h e  s i g n a l  peak is s i g n i f i c a n t ,  a  f a c t  a l r e a d y  
obvious from t h e  s t a t i s t i c a l  e r r o r .  This i s  t h e  on ly  wind measurement 
eva lua ted  t h a t  had a  99 p e r c e n t  r e l i a b i l i t y  c o e f f i c i e n t  f o r  t h e  s i g n a l .  
We have found by independent  experiments of o t h e r  s t a t i s t i c a l  t e c h n i -  
ques t h a t  t h i s  is our  most well-behaved run.  

The second c a s e  of a  wind measurement, shown i n  F i g u r e  V I I I . 4 ,  
demonstra tes  t h e  u s e  of t h e  "noise" h a l f - p l a n e .  Winds compare o n l y  a t  
n e g a t i v e  l a g s .  The peak a t  -15 seconds corresponds t o  t h e  wind speed ,  
b u t  t h e  peaks a t  -25 seconds i s  a l s o  s t a t i s t i c a l l y  s i g n i f i c a n t ,  accord-  
ing  t o  t h e  s t a t i s t i c a l  e r r o r .  Our concept  ho lds  t h a t  t h e  n o i s e - p e a k  
a t  50 seconds  has a r e l i a b i l i t y  c o e f f i c i e n t  of 71.6 p e r c e n t .  This  
e l i m i n a t e s  t h e  peak i n  t h e  s i g n a l  p lane  a t  -25 seconds ,  s i n c e  i t  has 
a r e l i a b i l i t y  c o e f f i c i e n t  of on ly  70.2 p e r c e n t .  We a r e  l e f t  w i t h  t h e  
s i g n a l  peak of a  81.6 p e r c e n t  p r o b a b i l i t y ,  which is  what we d e s i r e d .  

The t h i r d  example i s  a  z e r o  beam s e p a r a t i o n  (F igure  V I I I .  5 ) .  
According t o  t h e  s t a t i s t i c a l  e r r o r ,  we should r e j e c t  t h e  r e s u l t s  shown 
i n  F i g u r e  VI I I .5 ,  even though they a r e  t h e  d e s i r e d  ones ,  because  they  
a r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  accord ing  t o  t h e  s t a t i s t i c a l  e r r o r .  
When t h e  r e l i a b i l i t y  c o e f f i c i e n t  i s  a p p l i e d ,  i t  is found t h a t  i t  peaks 
a t  z e r o  t ime d e l a y  ( o u t  t o  + 75 seconds) .  Thus, t h e  r e l i a b i l i t y  coef -  
f i c i e n t  i d e n t i f i e s  t h e  peak a t  ze ro  a s  meaningful.  However, t h i s  



i d e n t i f i c a t i o n  a l s o  i n d i c a t e s  t h a t  t h e  p r o b a b i l i t y  f o r  t h e  i d e n t i f i e d  
peak t o  be  p o s i t i v e  i s  on ly  2 1  p e r c e n t .  Our c o n f i d e n c e  i n  t h e  "accepted" 
r e s u l t  is thus  s t i l l  low. 

VIII-5. CONCLUSIONS 

At  t h i s  t ime, on ly  a  p r e l i m i n a r y  c o n c l u s i o n  i s  p o s s i b l e  s i n c e  a 
g r e a t  d e a l  more work is needed w i t h  t h e  r e l i a b i l i t y  c o e f f i c i e n t  b e f o r e  
a  c o n c l u s i o n  can b e  drawn. A t  t h e  t ime t h i s  concep t  was t e s t e d ,  t h e  
concep t s  d i scussed  i n  s e c t i o n  V I I I - 3  seemed t o  be v a l i d  f o r  a l l  o f  t h e  
cross-beam d a t a  a v a i l a b l e  a t  t h a t  time. Furthermore,  t h i s  concep t  
seems t o  i n c r e a s e  our  a b i l i t y  t o  e v a l u a t e  t h e  c o v a r i a n c e  c u r v e ,  and 
seems t o  work f o r  b o t h  s t a t i o n a r y  and n o n s t a t i o n a r y  d a t a .  T e s t s  sug-  
g e s t  t h a t  i t  a l s o  may be u s e f u l  i n  e v a l u a t i n g  d e r i v a t i v e s  and s p e c t r a .  
More work is planned w i t h  t h e  l a t t e r .  



R e l i a b i l i t y  C o e f f i c i e n t  

F I G U R E  V I I I . l .  MODEL R E L I A B I L I T Y  CURVE 

FOR ZERO BEAM SEPARATION 



R e l i a b i l i t y  C o e f f i c i e n t  

FIGURE V I I I . 2 .  MODEL RELIABILITY FOR A BEAM SEPAUTION 
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FIGURE V I I I . 3 .  ACTUAL BEAM SEPARATION 
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APPENDIX I 

SPECTRA PROGRAM 

This program i s  designed t o  c a l c u l a t e  t h e  cross-beam power s p e c t r a l  
dens i ty  func t ion  from the  covariance func t ion  by using the Four ie r  
transform which conver t s  from a time domain t o  a  frequency domain. 

This program was modified from the  cu r r en t  s p e c t r a l  program used 
i n  CORFUN i n  the  fol lowing ways: 

(1)  It has t h e  a b i l i t y  t o  s h i f t  the  major peak t o  zero.  

(2) It i s  capable of using ~ a r z e n ' s  weighting f a c t o r  t o  pre-  
whiten the covariance func t ion .  

( 3 )  It has t he  opt ion  t o  add zero c o r r e l a t i o n s  t o  increased 
time l a g  range which provides f o r  a  f i n e r  frequency 
r e s o l u t i o n  (1(2* .cma,) = Af) . 

(4)  It can provide c a l c u l a t i o n s  from covariance c o e f f i c i e n t s  
taken d i r e c t l y  from the  output  of t he  CORFUN program, 
e i t h e r  from piecewise d a t a  o r  from the  accumulative 
averages of these  p ieces .  

Table 1 def ines  the  input  parameters,  maximum run time, and 
a v a i l a b l e  computers a t  MSFC. Table 2 shows the  loading procedure 
f o r  accumulative d a t a ,  and Table 3 shows the  loading procedure f o r  
piecewise da t a .  Table 4 shows a l l  of t he  output  parameters f o r  
t h i s  program. 



TABLE 1 

COMPUTER: 

RUN T I M E  1 PIECE: 

DEFIN IT IONS OF 
INPUT DATA: 

INPUT CARD @ 

INPUT CARD @ 

SDS 9 3 0  - LIMITED STORAGE 
C A P A B I L I T Y  

10 MINUTES 

R U N - - - - - - - - - - - . - - R U N  NUMBER 
PHOTO 1 - - - - - - - - -  
PHOTO 2 - - - - - - - - - 

CDC 3 2 0 0  

6 M I N U T E S  

DELT - - - - - - - - - - - TIME LAG BETWEEN POIFITS 
N L A G S  -- -- - - - - - NUMBER OF POSITIVE TIME LAG POINTS 
LSCALE - - - - - - - -. - - IF  EQUAL TO 1, MULTIPLIES 

EACH CORRELATION POINT BY 
RSCALE; IF EQUAL TO 0, THIS 
PART IS OMITTED. 

RSCALE - - - - - - - - - - A SCALE FACTOR WHICH 
SCALES THE VALUES OF 
THE CORRELATION POINTS; 
USUALLY SET EQUAL TO 1. 

LPARZN-- - -- --  --- IF EQUAL TO 1, CALLS 
PARZEN SUBROUTINE, I F  
EQUAL TO ZERO, I T  IS 
OMITTED. 



INPUT CARD @ 

INPUT DATA @ 

INPUT CARD @ 

L L A G S - - -  - ---- - - - ENABLES PROGRAMMER TO 
ADD ADDITIONAL TIME 
DELAYS TO PROVIDE FOR 
A FINER FREQUENCY 
RESOLUTION. 

TAUS H F - - - - - - - - - - - - VALUE WHICH THE PEAK 
I S  TO BE SHIFTED.  USED 
ONLY WITH PARZENS.  
NORMALLY NOT USED I N  
OUR WORK. USUALLY SET 
EQUAL TO 0. 

~ y p ~  - - -- - - - - - - - - I F  EQUAL TO 1, READS 
ACCUMULATIVE DATA; I F  
EQUAL TO 0, READS 
PEICEWISE DATA. 

T L A G S -  - - - - - - - - - - REAL ARRAY CONTAINING 
T I M E  LAGS. 

R X Y -  - -  - - -- - - - - - ARRAY OF P O S I T I V E  
CORRELATION COEFFIEIENTS. 

NTEST IF  EQUAL TO-  1 IT  READS 
ANOTHER SET OF ACCUMULATIVE 
DATA AND CALCULATE SPECTRA. 
I F  EQUAL TO 0 TAKES 
ANOTHER SET OF PIECEWISE 
DATA. I F  EQUAL TO ti, 

TERMINATES.  



TABLE  2 

w v -  

D E L T  NLAGS LSCALE LLAGS LPARZN RSCALE TAUSHF LYPE 

OUTLINE FOR ACCUMULATIVE D A T A  



TABLE  3 

1- 3 -+-I- 3 4 I-- 3  - - I +  3 4 1 -  I 0  4 1 9 - 1 0 - 1 - 3 -  
-v--vv- 

DELT  NLAGS LSCALE LLAGS LPARZN RSCALE TAUSHF LYPE 

RUN PHOTO 1 PHOTO 2 

OUTLINE FOR PIECEWISE DATA 



P R I N T E D :  
TABLE 4 

\ 
(RYX)  I T H l S  IS FOR CHECKING 

X X X . X X X X X  
I T H E  O R I G I N A L  INPUT 

X X . X X X X X X  X X . X X X X X X  
I I 

I 
I 

THlS OUTPUT PERMITS  
I 

I CHECKING OF CALCULATION 

X X . X X X X X X  X X . X X X X X X  

FREQUENCY COSPECTRA QUADSPECTRA GAIN CROSS PSD PHASE LOG FREQ.  LOG GAIN LOG CROSS PSD 
( C P S I  ( D E 6 )  

END O F  P R I N T E D  O U T P U T  

PUNCHED ON EACH CARD:  
FREQUENCY COSPECTRA QUADSPECTRA GAIN CROSS PSD PHASE LOG FREQ. LOG GAIN LOG CROSSPSD 

(CPS ( R A D I A N S )  

x x . x x x x x  X X . X X X X X X  X X . X X X X X  X X . X X X X X  X X . X X X X X  X X . X X X X X  X X . X X X X X  X X . X X X X X  X X . X X X X X  

O U T P U T S  F O R  S P E C T R A  P R O G R A M  



SPECTRA PROGRAM 

S P k C T  C O M P I I F E S  T H F  C R O S S  S P F C T R A I  D F W S  I T Y  F l J N C T  I O N  
E Q L i I \ I Q I  F N C E  [ R Y X j R M l  I 
F o t r f \ i e l  F N C F  I R Y Y , R P I  I 
D I P ' E M S I O N  R X Y t 4 ~ h l ~ R Y X 1 4 0 h l , T L A I ; S I 4 F h l ~ R P L ~ 4 ~ 6 l ~ R M ~ ~ 4 O 6 l ~ C ~ 4 O 6 l ~  

c . a [ ( n h i  
R F 4 D  I n l  , RUK! .  P H O T O l ,  P H O T O ?  

1 P I  F n R M A T  1 < F l  n .  1 
R F P T ,  ,f 9 PFI.T, W l  A G S r  L c C A L F r  L I  A G S j I  P A R 7 N 3  R ~ C A L E P T A I J ~ H F , I - Y P F  

3 F n H M A T  f F l ~ ~ 0 , 4 T 3 ~ F l ~ ~ f l , F I ~ + O ~ I 3 1  
C  A S  T H F  F O U R I E R  T R A h f S F D R M  O F  T H k  C O R R E L A T I O N  
C  C O f - F F J i ' I F N T S ,  W H F R F - - -  
C 
c 
I: t * T h l P t I T + *  
r: NL C C S  = T H F  M I I Y 9 F R  O F  C O R R F L A T I O h l  L A G  P O I M T S ,  I N T C G F R .  
C D E l  T  = T H E  S A M P I  I N G  I N T E R V A L I D F L T A  T I M E 1 ,  R F A L ,  
C  T I  4 G S  = A R E 4 1  A R R A Y  C O h l T A l N l h l G  THE T I M F  L A G S .  

I F f L Y P F l  7 9 ,  5 ~ 9 3 9  
5 R  C O M T T  b ' I I F  

4 Q O  7 C O " T  I R ' l F  
on I i = l  , N I  A G ~  
R E A D  7 ,  T 1 4 6 S i I l * P X Y [ I I  

? F O Y M 4 T  [ I Y , ? F l n . n l  
Ti. 4 G 5  r 1 1 = A 9 S F  I TL A G S  1 I l I 

I r n \ i ~ r  N I I F  

nn I z I = ?  ,NL  A G S  
R F A D  1 4 ,  R V X l l l  

11 F P Q Y A T  l t ?  X j F 1 0 . 0  1 
1 .3 C O Y T  T4IIJF 

G O  Tn 5 5  
3 9  C P r J T  1 h I I I F  

r)n 5 I = q  , N( A G S  
R F A n  4 6 ,  R X Y I I l ~ R Y Y I T l r T I  A G S [ l l  

4 6  F O R M A T  r ? X ~ F l f l , 4 ~ 2 C I f ) . 6 f  
7 7  c n z r ~ ~ r \ ! ~ l ~  

C P Y Y  = Q F A l  A Q P A Y  I F  P P S J T I V F  C O R R F L A T I O h l  C O F F F I C I F N T S .  
C R Y X  = R F A l  A R R A Y  I F  N F G A T I V F  C O R H F L - A T I O h I  G O F F F I C T F N T S .  
C  
C  * * C I U T P I I T * *  
C  R P I  - h R F A L  A R R A Y  C O N T 4 1 M f Y G  TPE EVEN P A R T [ + ]  OF T H E  
C C R n S S  I ' n 9 R F 1  4 T  I O N  F U N C T  l Oh[ .  
C  R M l  - A R F A I  P H R A Y  C O h f T A I N I N G  T H F  O D D  P A R T  [ - 1  O F  THE F U N C T I O N  
C I: = R F A I  A R R A Y  C O N T A I N I N G  C O - S P F C T R A ,  
C Q = R F A l  A Q R A V  C O N T A I N I N G  O 1 I A D - S P F C T R A ,  W H E R E - -  
I: G [ K l  = CIKI-J*QIK1 
C  

55 C @ N T  1 b i l ) F  
I F [ [  I AGS-I \ I I  AGC:1 3 6 . 3 6 , 3 5  

7 5  I.=;\lt A r - S + 1  
no 5 3  J =I , I_ [  A G S  
R X V I T  1 r n . n  
R Y Y [ r l = P . O  
I F  I 1  S f A I  F l  6 1 > 6 7 ~ h l  

6 3  T'l A G S  I I 1 =I * n F I  T 
GO T O  3 3  



61 T L A G S [ I I = J  
3 2  COhlT l NllF 

N t  AGS=I  1 AGS 
3 6  COVT I h l l l F  

P R I N T  1 0 2 ,  R U N t P H O T O l , P H D T 0 2  
In2 F O R M A T f l X ~ 4 H R I I N = F l ~ . 4 ~ 1 ? H P H ~ T O M F T F R I = F I ~ ~ 6 ~ 1 2 H P H D T O M E T E R 2 ~ F 1 0 ~ 6 ~  

P R T N T  7? ,NLAGS,  B E L T  
7 3  F O R M A T I ?  X, hHNt  A G S =  1 5 , 5 X , 5 H n F I . . T = F l O  - 5  1 

P R I N T  1 0 0  
1 0 0  F O U M A T I l X , I O H T J M F  L A G S , ~ X P ~ H R X Y I ~ X , ~ H R Y X I  

P I = 3 . 1 4 1 5 9  
DT = DFL T 
M  = N L A G S  
R  I S  T H F  IJSIJAI V A P l  ARI E OF S U M M A T I O N  W H l C H  NORMAL1  Y  RUNS R = O , l t . .  . .... ,M--WHERE M  I S  THE NUMBER OF LAGS,  FOR CORFUN, T A U M l N  I S  N O T  
N F C ' F S S A R I I _ Y  ZFRO SO T H A T  T H F  R A T I O  R /M  RUNS FROM R M I N  T O  1 . 0  
R M I N ' T I  A G S I I  1 / T L A G S [ M l  

RMAX = 1.0 
1JV = M - 1  
R D E L  = I R M A X - R M I N I  / l JV  

COMPIJTE R +  ANP R -  R O T H  W F l G H F D  B Y  L A G  F U N C T I O N  
R  = R M l h I  
IF [ T A O ~ H F I  4 n n , 4 o n , 4 0 1  

4 n 1  C O N T  I FIIJF 
M M = T A I J S H F / D E I _ T + 1 . 0  
' \ I LAGS=Ql  AGS-MM+1 
M=hJLAGS 
0 0  4 0 7  J = l , N L A G S  
N =  1 - 1  

MK=N+MY 
R Y X [ M K l = R Y X I I l  

4  n 7 C O N T  T NIIF 
no 4 n 9  I = ~ , M  
J= 1 -1  
J=, I -MM 
I F  1 1 + 1  1 4 1 ) 7 . 4 0 3 , 4 0 4  

4 0 2  J = P B S F I J I  
R Y X l  J I = R X Y I I I  
GO T O  41-19 

4 n 3  R X Y [ I I = R X Y I M M I  
R Y X l l  l : R X Y [ M M l  
GO T n  4 0 9  

4 0 4  J = J + ?  
R X Y [ J I = R X Y [  I I 

4 0 9  CONT TN IJF  
K K = O  
N N = N f  A G S - V M  
K K = K K + N L A G S  
DO 4 1 1  1=1,MM 
N N = N N + l  
R X Y [ Y N I = R X Y [ K K I  
K K = K K + l  

411 C O N T I N U E  



C O N T I N U E  
DO 11 I= I ,NLAGS 
IF LLSCALEI. 51.: 52 J 51 - 
R X Y l I l = R X Y I I I * R S C A I  
R Y X t I  l = R Y X t I  I * R S C A C  
CONT l NlJF 
P R T N T  3 0 1  Y L A G S i l l ~ R X Y [ I l r R Y X [ I l  
FORMAT f l X t 3 F 1 0 . 5 1  
CONT I N U  
DO 5 I ~ ¶ t i u i , i u i  

CDMPIJTF P A R 7 F N  L A G  WEIGHING F U N C T I O N  
I F I L P A W 7 N l  4 0 9 4 0 ~ 4 1  
D=I, n 
GO TO 42 
C A L L  P A R Z E N  I R , D l  
CDNT f N l l E  
n = 9 1 7 .  
IJV = RXY  f I I 
T:LJV+RYX I 1 1  
S= IJV -RYX I I 1 
R P L [ l  I = n * T  
R M I t T 1  = P * S  
P R I N T  4 ,  D P T , S  
F n R M A T  f 3 X  5 . 8 1  
R  = R+RnFI 
CONT I N I I F  
COMPI ITF V A R l O l J S  C O N S T A N T S  FOR TRANSFORM 
TWODT = ? . * D T  
F D Q D T  = D T * 4 .  
T W O P l  = ? . * P I  
R  = R M l N  
N  = M - I  

DO 70 I = l , M  
UV = R * P I  
CAQG = UV 
CSIIM = n .  
( J ~ I J M  = n .  
no I n  . I = ~ . N  
ARC = CARG 
I F I A R G - T W O P I  I 1 , 7 3 1 3  
C O N T  1 N I ~ E  
I M  = A & G / T W O P I  
FI!.' = 11.' 
ARG = CAR(? -F IM*TWOPT 
CONT r CllJE 
CSl lM = CSLJM+RPI [ J I * C O S F  t ARG I 
OSl iM = nSI IM+RM I I J 1 * S  I N F  [ ARG I 
CARG = CAHG+IJV 
COCIT 1 NIIF 
O I I 1 = F O R D T * O S I I M  
C[ I I - T W O n T * I R P L [ I  I + [  ~ - ~ ~ * * ~ ~ + ~ ~ * R P L ~ M I I ~ + F O R D T * C S I I M  
R = R + R D F I  
f'@blT 1  N{ lE  
I JVzN I  A G S  
I F ' L S C A I  F I  R, 'Y ,H  



8 T L A G S I M l = T L A G S [ M l * P E L T  
TI- AGS r l  I =TI_AGS r l  l * D F L T  

9  CONT l N l J F  
TMI_AGI I=TI  AGS [ M  1 
T M I - A G L x T I  AGS I 1  I 
FMAY: .S+IJV/  I T M I  AG l l -TMI  AGI I 
F M I N = O .  
FDFL = I FMAX-FM 1 N 1 / U V  
PRINT  1 n 3  

I n 3  FORMAT ~ ~ Y ~ 9 H F R F Q l J F h ~ C Y , 3 Y ~ 9 H C ~ S P F C T R A , l X ~ 1 1 H O I J A D S P E C T R A t 6 X ~ 4 H G h I N ,  
1 4 X , l n b ' C R O S S  P S D P ~ X , ~ H P H A S E , ~ X I ~ H L O G  FRE0 ,5X ,9HLOG G A I N s S X ,  
I I 3141 r)l: C R O S S  P s n i  

D O  3 n 2 n  I=I,NLAGS 
G A I M = S O R T F [ r l T l * r t l l  + O [ I l * Q t l l l  
I F  1 f ~ [ 1 1 1 3 0 1 5 , 3 0 1 2 ~ 3 9 1 5  

3 n 1 5  CnUT 1 WllF 
P H A S F = O I I l / C I T I  
P H A S F = A T A N F [ P I J A S F l  
GO TQ 3 0 1 3  

3 0 1  2 P H A S F - 1  . 5 7 0 P  
5111 3 C O N T  I NUE 

I F  [ " l l l l  - 5 3 3 3 * 7 3 3 4 , 3 3 3 4  
7 3 3 3  P H A S F = P M A S E + 5  .I 4159 
3 3 7 4  TF I P H A S E 1  3 3 3 5 , 5 3 3 6 , 3 3 3 6  
7 3 3 5  P H A S F = P H A S E + 6 . 3 8 3 1  A 
7 3 3 6  CnhlT I N l l F  

P H A = 5 7 . 7 9 5 9 ? * P H A S E  
C P S n = G A I N * F M l h l  
I F ~ F Y I I V I  j n n l , l n o i . ~ o n 2  

o n 7  C O N T  1 \ ' \ IF 
C L n G = A l n G [ C P S n l * O . d 3 4 3  
F l  O G = h l  O G ( F M I h ! l * f l .  4 3 4 3  

I n n i  COUTINIIF 
GI n G = b I  C l G l  GA I N 1 * 0 . 4 3 4 3  
P R I N T  ~ ~ , F M I N ~ ~ : I I I ~ ~ ~ ~ ~ I P I ; A ~ ~ ~ , C P ~ I I ~ P C I A ~ F I O G , G L O G ~ C L O G  

71 FORMAT 1 1 X r 9 F 1 2 . h l  
C I I I = C ~ T I / I ~  
Q l  f l = O l  l l / l O  
F L O G = F C O G / 1 0  
GI ~ G = G I  nG/j Q 
C L n G = C l  r G / I  O 

2 3  FORMAT f l X ~ 9 F P . 5 1  
PlJYCH ~ 3 ~ F M I N ~ C I I I ~ Q I T I , G A I h l ~ C P ~ D ~ P H A S E ~ F L O G t G L O G , C L O G  
FM I N = F M  I N + F n F I  

3 0 2 0  CONT I N I l F  
R F b n  5 6 ,  LlTFST 

5 6  F O R M A T  [ I 3 1  
I F  I M T F S T 1  4 0 0 3 , 7 9 . 4 0 0 6  

4 0 0 6  COVTTNI IF  
S T n P  
EN I! 

SIJ4Pnl!T I N F  P 4 R 7 F N f  I?. D l  
HI: = R 
Q = 1  . - R C  



IFtR~-.51I0,10,20 - - -  -. - - 
4 0  n = 1 .-[6.*RC*WC*Ol 

RETURN, , . -- - --- --a . - . *- -- -- --- - - 
30 D = 7.cQr0*0 

R E T U R N  ~ - - 
ENn 



DIMENSION R X Y ,  RYX 
TLAGS, R P L ,  R M I ,  C ,  0 

( R E A D - D E L T ,  NLAGS I 
I LSCALE,  LLAGS, LPARZN 

R S C A L E ,  TAUSHF, L Y P E  I 













PHASE= PHASE t 6 . 2 8 3 4 8  

t 
I PHA = 5 7 , 2 9 5 8 2  * PHASE I 





S U B R O U T I N E  P A R Z E N  ( R ,  0 )  



APPENDIX 11 

PROGRAM FOR FOURIER TRANSPOSE 

This program i s  designed t o  c a l c u l a t e  the  covariance func t ion  from 
the  s p e c t r a .  This i s  done by us ing  a  Fourier  t ranspose of  the  g a i n  and 
phase t o  convert  from a frequency domain t o  a  time domain. 

One proper ty  o f  t h i s  program i s  t h a t  a l l  o r  any group of f requencies  
(from 0.01 - 4.0 cps)  can be e i t h e r  omitted o r  used i n  c a l c u l a t i n g  the 
covariance curve. The inputs  must include the  beginning frequency and 
the  ending frequency along wi th  any c e r t a i n  frequencies  t o  be omit ted 
from the  c a l c u l a t i o n s .  

Table 5 shows a v a i l a b l e  computers, maximum run time, and a  d e f i n i -  
t i o n  of input  terms. Also shown a r e  the  output  parameters f o r  both 
p r in t ed  and punched ou tpu t s .  Table 6 shows a loading procedure f o r  
d a t a  along w i t h  the  input  parameters.  



TABLE 5 

COMPUTER: 

RUN T IME:  

DEFINITIONS OF 
INPUT DATA 

INPUT CARD @ 

INPUT CARDS @ 

SDS 9 3 0  CDC 3 2 0 0  

DEPENDENT ON THE FREQUENCY RANGE 
D E S I R E D - -  F R O M  0.01 -4.0 C ~ S  MAX. 
T l M E  I S  2 5  MINUTES.  T l M E  I S  
DECREASED BY U S I N G  CDC 3 2 0 0 .  

NLAGS-  --- - - - - - - - - NUMBER OF TIME LAG POINTS 
WHICH YOU INTEND TO CALCULATE. 

DELTAU- - - - - - - - - - - TIME LAG BETWEEN POINTS. 

BFREQ -- -- -- - - - - - FREQUENCY AT WHICH CALCULA-  
TIONS ARE TO BEGIN. 

EFREQ - - - - - - - - -. - - FREQUENCY A? WHUCH CALCULA - 
TIONS SHOULD BE STOPPED. 

S K I P - - -  - - --  - - -. - - - FREQUENCY THAT US TO BE 
OMITTED FROM CALCULATIONS. 

M - - - - - - - - - - - - - - IF EQUAL TO 0 ,  I T  MEANS 
TO READ ANOTHER SKIP 
VALUE;  IF  EQUAL TO 1, THEN 
A L L  SKIP VALUES HAVE BEEN 
READ IN AND T H E  SKIP  LOOP 
I S  TERMINATED. 



INPUT DATA @ 

TABLE 5 - con ' t  

FREQ THIS DATA IS THE DIRECT 
GAIN OUTPUT FROM THE PROGRAM 
PHASE IN APPENDIX I. 

O U T P U T S  

PRINTED : 

NLAGS DELTAU BFREQ EFREQ 

X X X X  X .  X X X X  X X . X X X X  X X . X X X X  

(LSKIP) SKIP FREQ 

X  X  X . X  X X X X X  
I I 
I I 
I I 

X  X  X . X X X X X X  





TABLE 5 - OUTPUTS con ' t  
PUNCHED OUTPUTS 

PUNCHED FOR SPECIAL  PLOTTING PURPOSES 

INTEGER 
E ITHER 

- 1  FOR 

NEGATIVE 

NUMBER, 

OR 0  FOR 

P O S I T I V E  

NUMBER 

R X Y  

SAME 
AS 

I2 

SAME 
AS 

I2 



TABLE 6 

NLAGS DELTAU BFREQ EFREQ 



THTS PRnQRAM W I I L  TAKF THF F I N A L  SPECTRA AND SUPPOSSEDLY COMPUTE 
THE cORRELATION CURVE FROM THE SPECTRA 

READ 1 .  NlAGS,nFLTAU,RFRFQ*EFREQ 
1 FORMAT 1 1 4 ~ 3 F 1 4 . 0 1  

PRTNT 3 1  
31 FORMAT [ ~ X ~ ~ H N L . A G S , ~ X , ~ H D E L T A U , ~ X , ~ H B F R F Q I ~ X , ~ H F F R E Q ~  

PR 1  NT 73 * NI  AGS , DEI TALI RFREO, FFREQ 
32 F O R M A T [ ~ X , F ~ , ~ , ~ X I F ~ . ~ , ~ X , F ~ , ~ ~ / / / I  

L-SK 1 P =  
P R I N T  33 

3 3  FORMAT [ 7 Y . l Q H S K T P  F R F Q . 1  
DO 7 L = 1 . 5 0  
L S K l P = I  S K I P + I  
READ T r  S K I P ! L  l , M  

3 FORMAT I F * 7 . Q . h 6 Y , 1 7 1  
P R I N T  3 0 .  L S K T P , S K I P [ L I  

7 0  FORMAT [17*5X.FR.61 
I F  [ M I  4,314 

2 CONT 1 l \ l l lF 
4 COWT IhiIJF 

on 5 !=I , ~ I I L A G S  
Cil I l = n . O  
C 7 1  1 l = n . f l  

5 COPIT I I\IIIF 

t P R I N T  3 4  
3 4  FORMAT I / / / , l , X * ? l H  F R F Q  I F S S  THAN R F R F Q I  

no 1 7  I = ? ,  Y I  A R C  
R E A D  0 ,  FPEO, G A I N ,  PHASE 

h FORMAT I?X,FH.n,lhX,FR.n,BX,F9,nl 
P R I N T  7 6 ,  FREO,B4IN,PHASE 

36  FORMAT t 7 X + 3 F 1 ? . 6 1  
TF [FPFO-PCRFQI  1 7 , 7 1 1 7  

1 7  COhlT T NIIF 
7 COIYTTNIJF 

PRThIT 55 
$ 5  FORMAT [ / / / , 5 / X ~ 4 H F R E Q 9 1 1 X , 4 H G A T N * 9 X i 5 H P H A S E I  

rlO I 1  K=I , $ 1 1  4 6 s  
R F A n  6 s  FREO. G A I N ,  PHASF 
P R I N T  7 7 .  FRFo,GAlh l ,PHASF 

3 7  FORMAT I C i 0 X s . 3 F l 5 . 6 1  
I F  f F R F Q - F F R F n l  8 , 1 3 1 4  

R CONT 1 FIIIF 
no 9 I =I , I  S K I P  
I F  [ F R F Q - S Y I P I I  I ]  Q i 1 1 1 ~ 9  

1 1 1  PRTMT 7 8 ,  FRFQ,GAIN,PHASE 
2 3  FORM4T t l x ~ 2 5 H f R E O  G A I N - P H A S E - - ( E F T  OUT,3F15.61  

GO T O  I i  
9 CONT I l\lIIF 

TAI1=n.  fl 



TAON=-TA IJ  
1 0  CONTT FIllF 
11 C O N T I N I J F  
3.3 T A U = O r 8 " .  

TAIJNz-T41J 
P R l h l T  4 1  

4 1  FORMAT [ 7  4 X J 3 H T A U t  1 4 X , 3 H R X Y ,  1 3 X * 4 H * T A I J , 1 4 X ~ 3 H R Y X l  
DO 2 4  T = I , N L A G S  
P R l N T  4 0 ,  T A U , C l f T l , T A U N , C 3 1 1 1  

4Q FORPAT 1 5 X r P F 1 5 . 3 1  . , 

I F  t r l  f 1 1 1  14~15,1!5 
1 4  C1 [ I l = C 1  I I l * [ - 1 . 1  

1 7 = - 1  
G O  TO I 6  

1 5  1?=11 
16 I F  [ T A I I N ]  17t18,18 . 
1 7  T A I I N = T A I J N *  I - ?  . 1 

I s = - 1  
G O  TO 1 9  

1 8  1 3 2 0  
1 9  I F  I C 2 1 1 1 1  7 0 , ? 1 , ? 3  
7n C ~ [ I I = C ~ ~ I I * ~ - I I  

1 4 = - 9  
GO TO 32 

7 %  1 4 = n  
7 2  P[JNCH 7 3 1  TAU,l?rCIfIlrI3,TAUN,l4,C2[1l 
7 3  FORMAT 1 5 X ~ F 1 0 . 6 , 3 1 4 X s I 2 * F 1 n . 6 1 1  

TA IJ=TAU+DFI -TA I I  
TA I INr -TA1J  

7 4  C O Y T I M I I F  
S T  fl P 
E N n  



DELTAU, BFREP , 

READ: S K I P  (Ll, r l  













APPENDIX 111 

PROGRAM FOR ACCUMULATIVE STANDARD DEVIATION 

This  program i s  designed t o  c a l c u l a t e  t h e  s tandard d e v i a t i o n  of 
piecewise s p e c t r a l  d a t a  using t h e  accumulative l a s t  p iece  of d a t a  a s  
the  mean. Other c a l c u l a t i o n s  inc lude  a  s tandard e r r o r  c a l c u l a t i o n  f o r  
each p iece  of d a t a ,  and a  s t u d e n t ' s  t - d i s t r i b u t i o n  of the  s p e c t r a l  d a t a .  

While the  program i t s e l f  i s  not  complex, i t  has been included so 
t h a t  anyone wishing t o  use i t  w i l l  not have t o  w r i t e  i t .  



-Sf D COMPUTED FR'3M P I  ECEW ~ S E - S P E C X R A - C A L C L I L P L L ~ U G I _ L N W L -  
2 C ACCUMULATIVE SPECTRA 

-3-3 * * * t U L * * * * * * * L * * * * * * * * * * * * * ~ ? X * * * I *  I.*ELuI&yz111.**.UT*#***- 

4 c O****+*4**lb*+*****O**C***1)*#*Q+Q** Q*&*#,Q***+********** 
- 5 - - D I M E N S I O N  G 14023 r ~ 6  t4bZ&lB140%asS 40&STO-M402 Q G ~ - -  

6 READ l r  NIMAXDDELCRQ 
- 7-.-f c~RMAL-Ci -X 9 I S2Xa.43 

8 DO 2 0  I r i r M A X  
- 9 - R E A D -  101 -68 C l l r Q  CMcQh!- 
1 0  1 0  FORMAT ( 9 x 1  3F8.53 

U T D C L I l  rOcQ-- -- 
12 STDQC13 . O D ~  

-1-S f DGCES-e-O* 0 
1 4  20 CONTINUE 

- L ~ V = M A X - S -  ---- 
1 6  FREQ?O*O 

L O B - 5 0 -  drSY- -- 
2 0 SC=O*O 
2 I------ n ~ ~ 0 . 0  -- 
2 2  SG=O*O 
23- D B  -30--1 s 1 r 
2 4  READ 401 COSPDQUAODGA~N 

2 8 k n F O R M u - ( S ~ r  3FS a 

2 6  STDC (13 = CCOSP-CO C11 I **2+STDC [ I ]  
U L T D Q  1 l l = I Q U A D ~ O C I - 3 3  **2_+STPQ€I-3------- - 
2 d STDG113. [GAIN-GCI ] l+*2+STDGCl3  

2 9 S C t S C +  tCnSP-ce  LL3 3 **L- -- .- - 
3 0  SQ*SQ+ [QUAD-Qt I3  3 ++2 

-~~SG~~G+-IGAIN-G t 1 ~ 4 2  - 
3 2  3 0  CONTINUE 

33-SG aSQRTF BC/YJ  - -- -- - 
3 4 SQ=SQRTF CSfl/Y] 
3 5  ----- SG?rSQRTF-[SG/Y]-- - - - - -- - - - -- -- 
3 6  PRINT 4 1 r  SCrSQrSG 
~?---~UNW-~~~-SCLSQJSG--- - - --- - -  
3 8  4 1  FORMAT C l X ~ 3 t 4 X ~ F i 0 * 6 1 3  

3 9 - S ; Q - C O N T  INUE-- - -- --- - -- -- -- - - -  
4 0  PRINT 1 1 0  

~ O - E B R M ~ ~ - - C ~ X I  3H -€REQ--s $ X ~ L - E Q  - e4Xc*--TC s 4X ~ ~ H - s T  Q~--L~-xJ--- 
4 2 17H Q r4X17H TQ 84X87H STQQ r 4 X r 7 H  G r 4 X r 7 H  TG 

-U-..P4X r-ZHCTDG-3- -- -- - - - 
4 4 D O 6 0  I P I D M A X  

4 5 - X = N  . - -  - - 

4 6 STDC C I] SSQRTFISTDC c l  I / [ X I  J- 
47 STDQ C I ] ~ S Q R T E - ~ S I D Q  E.U.JcXl$ 
4 8 STDG C I 3  =SQRTF CSTDG [ I1  / t X 3 3  

+-Tct cQ4434.sna- 
50 TQ=QCI3 /STDQCl I  

SCG [.l-)#SFDG c.1-3 -- 

5? . . PRINT ill, F R E Q I C O [ I ~ ~ T C D S T D C ~ ~ ] ~ Q ~ ~ I ~ T Q ~ S T D ( S ~ ~ ~ ~ ~ G [ I ~ ~ T G ~ S T ~ Q ~ I I  
w"  - ! $ $ ~ R M A ~ ~ & P ~ + $ & ~ , #  -- ..- 







APPENDIX I V  

PROGRAM FOR MEAN STANDARD DEVIATION 

This  program i s  designed t o  c a l c u l a t e  t h e  s t a n d a r d . d e v i a t i o n  o f  
p iecewise  s p e c t r a l  d a t a  by u s i n g  mean v a l u e s  c a l c u l a t e d  i n  t h e  program. 
Also inc luded  i s  a  s t a n d a r d  e r r o r  c a l c u l a t i o n  f o r  each  p i e c e  of d a t a  , 
and a  s t u d e n t ' s  t - d i s t r i b u t i o n  o f  t h e  mean v a l u e s  t o  i t s  s t a n d a r d  
d e v i a t i o n .  

Th is  program i s  included a s  a  t ime-sav ing  d e v i c e  f o r  t h o s e  who 
wish  t o  u s e  i t .  It i s  e s s e n t i a l l y  t h e  same program t h a t  i s  inc luded  
i n  Appendix 111. 



- - - - - - -- - - . - - - -- A -- - .--- - . - - - - -A- - - -- --- -- --- 

-$&ST0 COMPUSED-ERBM--P_LE&EWISE-.SPE~TRA.-CALCW,A~Q~~S-USICNI%-LI&AK-- 
2 C VALUES CALCULATED I N  THIS PROGRAM 

- ~ - C _ - ( I I U * U * ~ X & I C U ~ * ~ ~ ~ I ~ I ~ ~ ~ - ~ _ L * ~ ~ U * ~ ~ ~ * ~  _g~*(i&+lll**_~fff*a***tdk%*CL*P34~U- 

4 C * * * * * * * * ~ * * + * * * * * * * U * * ~ * * U . & * O * * *  1 *C**+**U***+****I***&***U*****~ 
- L - D  I MENS-IbNl i  t4023aCCLg4:lrQ2LUQt40&k S ~ G L 4 O Z l C i S ~ t ~ 4 Q ~ ~ S ~ D e t 4 0 2 3  -- 

6 READ 1 s  NsMAXsDELERQ 
--3.-------1EbRM&CW % z - ~ & - r ~ + - -  - 

8 DO 3 3  Iml rMAX 
9 -STDCCI ) B a - -  - 

1 0  STD3C13=010 
.-I . STDG C f l r O t Q - - - - -  -yea. 

1 2  C8 CI3 a010 - C-U=OeQ ----- ---- - 
1 4  GCI l *O*O 

1 5 - - 7 R € Q N I J N U E  ----- 
1 6  Z=N 
17. FREQFQIQ------ ------- ...... 
18- PRINT 4 3  
1 ~ ~ R D R # A ~ - & ~ X - ~ - L W C ~ ~ ~ # - - - S G ~  -I'.~X&W- 

2 0  DO 5 0  J s l r N  
-21 Sc=O*Q---- - -- 
2 2 SQl0.0 

2 3  SGaOaQ -- -- 
24 DO 3 0  1.1rMkX 

-25---------READ401-6: BSRr Q U W N  - -- -- 
2 6 4 0  F u R Y A ~  [9Xr 3F8e51 

-2T-Cat 1 )-nC&C I 1 +.CCLSP .-- - - -. - - ----- 
E?8 Q C I l ~ Q C I J + Q U A D  

- 2 9 d t . 1 3  EG[IJ+GAIN- - - - - - -- - - -- - - ---- -- 
3 0 STDC C I I  xSTDC C I I  +COSPwr2 

3 & S ~ Q I I - ) - = S T D ( J C I ]  I Q u A Q * ~ ~  --- -- - ---.. 
3 2 STDGCf3 = S T D G C I l + G A l N ~ 2  

-3-~-~sSC+~E:OSPe [ C b & I J / Z J - ] ) x E  -. - - -  -- -- --- - -- 
3 4  SQxSQ+ CQUAD- I Q  C I 3  /Z33*r2 

3558GsSG+ [GA I N 1  CabU-/a&&z --- . . ---- 
3 6 3 0  CONTiNUE 

--Y.r{MAXm 13 - - ---- - ----- 
3 8 SC=SORTF CSC/Yl 
99-Q =SQRT+ ISQ/-Y 1 - - - . - --- -- -- - - - - - - -- -- - '. 
4 0 SG=SQf?TF CSG/YI 

-4-1-PR 1 N TALL-SCJ SOLSG-- - - -  ----- - - . .- - - - - - . - - -- 
42 PUNCH 418 SCDSQISG 

A + ~ - W - ~ - @ ~ & L ~ I ~ & ~ X D  Fl&.b&J--- -- - -- - -- -- -- - 
44 5 0  CONTlNUE 
* 4 5 p R w ~ - -  -- _ _ - - _- _ - _ _ _ . - _ _ -_ . . 

4 6  110 FORMAT [5X#7H FREQ r 4 X r 7 H  X t  4 4 Y r  7H TC r 4 X t 7 H  STDC # ~ X I  
- ~ ~ ~ Y - % & - . + - ~ % J - ~ # ~ U ~ X & ? # - -  STDQ r 4 X 8 ?H--XG c 4  X d k - - - T d i - -  - 
k 8  24Xr7H STDG I 
4 u & & L - w w 4 m  ----- - - 
5 0 S T D G C I ~ = S Q R T F ~ ~ ~ T D C ~ ~ J ~ Z I ~ K C D  t I J / Z 3 * * 2 1  
-srons~~RTFUST09Lru*- t tO&t3&34--- -  
5 2  STDQ C f  I =SQRTFX ~ S ~ D G  C f  I /Zj - CG lr) / Z l  **23 
5 3 Y r * r 1 ' I / r  ---------- 



-------- - -  - .  . - - -. - - ----- -- 
54 X Q a Q f  l / Z  

_55-XGsS 6 I/ 2--. - -  - 
56 

I 
TCa  CCUd 1 3  /ZI /STDC I 1  I 

-57----TQsr tQtl3Lz3/-SIDQ C f  3 - -  
5 8 T G *  I G  L l I  /zI /STDF I11 

5 9 - P - R  I KT- 13 k- ER6Qr X C c - f L  ~ C L & X B ~ + ~ ) ~ & ~ ~ - C I ~ & O + + G & ~ O ~  

A 4 PUN E 8 e Q d i  
62 112 FbRMAt c1X~F4e2r9F8rr)3 

lea/EQ a E R E a 0 C L E R T J  - - 
6 4 60 CbNTlNUE 

-4S--------s'FbP - --- 
6 6 END 





APPENDIX V 

COMPUTER USAGE 

This  s e c t i o n  of t he  paper i s  included t o  inform o t h e r s  of t h e  
procedure f o r  ope ra t ing  the  small  computers a t  MSFC ( the  GE-205, 
SDS-930, and CDC-3200). 

The GE-205, loca ted  i n  bu i ld ing  4732, i s  operated by two Northrop 
employees. Anyone wishing t o  use t h i s  computer must give h i s  program 
t o  one of  the  ope ra to r s ,  who w i l l  then  run  i t  f o r  him. Those who wish 
t o  use t h e  computer themselves must o b t a i n  s p e c i a l  permission from 
M r .  John Heaman. 

There a r e  t h r e e  SDS-930 computers a v a i l a b l e  f o r  our use .  These 
computers, loca ted  i n  bui ld ings  4200, 4202, and 4610, a r e  s e l f -ope ra t ed .  
There a r e  s p e c i a l  c o n t r o l  cards which must be placed a t  t h e  f r o n t  and 
back of t he  u s e r ' s  program (see  Table 7) .  Table 8 gives t h e  o p e r a t i o n  
procedures f o r  t hese  computers. A copy of t hese  i n s t r u c t i o n s  i s  usua l ly  
found on the  computer console.  

The CDC-3200 computer is  loca ted  on t h e  ground f l o o r  of bu i ld ing  
4200. It i s  operated by CDC personnel  only.  NASA has only  t h r e e  hours 
of  p r i o r i t y  each day: 0800-0900, 1200-1300, and 1500-1600. NASA con- 
t r a c t o r s  have p r i o r i t y  f o r  t he  remaining time. To use t h i s  computer, 
you must have a job number and submit a job card wi th  each run. This  
computer, l i k e  t he  SDS-930, has c e r t a i n  con t ro l  cards  which a r e  placed 
before  and a f t e r  the program (see  Table 9 ) .  

Data f o r  f o r  t h e  program a r e  s tacked the  same way f o r  a l l  t h r e e  
computers, d i r e c t l y  behind the  l a s t  c o n t r o l  card.  On the  3200 computer 
a card w i t h  a seven - e i g h t  punch i n  the  f i r s t  and second columns should 
be placed behind the  d a t a .  This i s  j u s t  i n  case  the computer has  not  
c o r r e c t l y  been t o l d  when t o  STOP. 



LOADING 
FOR 

SDS -- 930 

TABLE 7 

- - I4  - 
FORTLOAD B I U  



COXSISTS OF 
( A  1 C3rP ILF I  A FU12TiIA'J SY'4BSLIC Di-CK 
(13) LDAD AND E X E C U T ~  TdE PXQFRAM 

OTHER TYPES OF CPMPUTEf? P?IbJS MAY REGU I R E  MPD l F I En PRlCEDURf S. 
10 L O G  I N *  

111  CHECK MACHINE SET UPr N84MAL SET UP I S  A: rS I -L ( i i i ?  
( A )  SYSTEM TAPE (tN U N I T  ,.!ITFJ ( U U I T  SFL i  C T '  0'' 7ERC, fDFblSIT'1' 

SELECT' O N  2 0 0 )  J N I T  I N  'AUTSMATICfm 'READY L I G H T '  
( 0 )  SCRATCH TAPE U N  UNIT i4IThl ' U V I T  SELECT' 7h 3hE, ~ D F Y S I T ?  

SELECT' O N  2C01 J V l T  I Y  ' A U T S t ' A T I C t ~  ' Y E A D Y  L I G H T '  o h *  
(C) THE LETTFR ' C '  S l i ? J L n  RE DIS I 'LAYID 1'1 THF CrJMPIJTCR CflrdsnLE 

IREGISTER ' rl I - 
(0) CUhSBLE t?JN- lDLF-STFP '  SWITCH SHOULD CE I q  ' I D L E ,  P O S I T l O h .  
(E) PRINTER SHOULD HAVL VRFADY'  I,IGtlT R N *  

I I I 0 I N I T I A L 1 z E  MACHIhE F?? Y7UR RUN 
A* LONG METHOD 

-1, -CHECK SYSTE'1 TAPc r L i A q  POIWTI  LIGr lT,  I F  L I G H T  I S  b1nT ON 
PROCEED AS FTLLRdS c 

( A )  PRESS ' S T A i T '  BJTT?'.  "" CSY!'JTCi< Cc'ISRLE. 
( 0 )  PREs; TdL S !ALL R a 1  T m "  ; ^ ' I  . ; ' I r -  TOYPJTF' I  COtqSOLE 

NUM;Fr<E3 7, l l r  I? ,?? ;  
(CJ PRECS ~ ? I J ~ - I [ > L E - S  ;F'.'1 ' i!TL - ' 1 '  - " P f  ARD dACK TO 

- - t IDLE ' ,  J ,A !T  FOA ;Y '7  " T:$,> L ~ A D  P 3 I h T q  L I G H T  

20 PPESS 'START' U J T T S Y  3U C9"PSiT  4 C 
3. PRF;SS 83TH I " ~ t Z f i ! ' Y  CkEAl i '  ?LTTS:  , ' ! I ~ L  I :\'+ERUSLY. 
4 -  PRESS 'STA2T '  dJTTSM A S A I Y *  
5. MOVE 1Ru1.l-IDLE-STEP' S - I I T C H  TO '711h'r 
6 ,  PRESS ' F I L L - , I A G  TAPE' S!JITCti D(1dY ( T H I S  AITCH I S  f l N  LEFT 

S I D E  OF CP'ISflLE) 
7 r  PUT Y3JR DECK I N  CARD REAOCR AN9 PRESS CqRD ~?EADER ~ Q E A D Y ~  

PUTTbN* 
8. dHEh  INPUT^ L I G H T  i3U RIGH'T SIDE OF THE TELETYPE KYYEOAQD 

CdrtS Oh TYPE 1% 

- - 
ACzCQ * 

Tt%N PRFSS 'RTTUS~ HU FTOhl AN TFLFTYPE XEYBRARD * 
90 T H I S  YESSAGE TLLLS TriF ';YSTCM CONTIIQL PR:IGRAi4 THAT CPNTRRL 

'1E';SASFS ARE DPJ CARD5 1 '4  Tl lE CARD l?F_AOER. YOUR J013 
P R 3 C t S S I L G  A I L L  hOW STARTI 

0. s h b R T  METH3D 
TWIS YETHOD WORKS M36T 3F THE T I M F  PUT + I L L  ? ' j Y F f l ~ l - ~  F A I L  DUF 
TO THE WAY THF PRECFEDI'IG J013 WAS T C I I ' ~ I ~ ~ A T F ~ *  I F  T H I S  ~ f T H 5 n  
F A I L S  TRY THE LONG ' I C T H ~ D *  

1. PRESS 'START' dUTTBY 3 Y  CRMPlJTr'? ~ " U S R L E ~  
2 0  PUT ' 1 3 ~ ~ - I D L E - S ~ E P ~  S,IITCH TO ISTEr' '  AYD THEN TO 1RUF.t * 
3 0  PUT YSUH DECK I N  CAR;) READER AhD i' t ' C A Y 3  RFADF4 i I i E A D y t  

RUTTCV* 
40 I F  THE P R ~ C E S S I & ~  OF Y;P($R J 8 H  D R P ?  ' T  START PbT ( R U h - I D L E -  

i I T E P '  SWITCH TO i I D L E '  AhD TRY LP CTHSDo 
1V-r. AT END Y O J R  J ~ B  PUT tHUN-IPCE-STEP, S , . I I ,  I T O  ' I D L E ,  P B S I T I R N .  

V. LUG OFF A \ :  CLEAV UP YOUR  CARDS^ PAPER, ETCI 



TABLE 9 

L O A D i N G  
FOR 

CDC 3200 

1 - - - - - - - - - 
12 4 6 - - - -  23 33-- 38 41-42 46--50 ----- 

SEQUENCE, I, R .  JAYROE 570230 I 3  3.1101 
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A t t n :  D r .  vonBraun 

M r .  F o s t e r  
RF, M r .  G i n t e r  
SM, M r .  Badgley 
SFM, M r .  Spreen 
SF, M r .  Tepper 
REI, M r .  Vacca 
RVI, M r .  DeMerr i t t  
MA, M r .  R e i f f e l  
RV-2, M r .  Rosche 
RVA, M r .  Underwood 
MTG, M r .  L i v i n g s t o n  
SAY M r .  Spr iggs  
SRB, M r .  Koutsandreas 
SRB, M r .  Cen te r s  

NASA Hdqs. ( ~ o n t ' d )  
A t t n :  SRF, D r .  Summers 

SG, Lt .  Col .  Lehman 
RAO, M r .  McGowan 
SAB, M r .  George 
REI, D r .  Menzel 
RV-2, M r .  Michel  
RAA, M r .  Pa rk inson  
RAP, M r .  Rekos 
RKF, M r .  S hwar tz  
RD-A, M r .  Harper 
RR, D r .  Kurzweg 
MTG, M r .  P e i l  
RV-1,  M r .  C e r r e t a  




